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Abstract This tree is rooted at a single centre router called “core” in
CBT, and “rendezvous point” (RP) in PIM-SM.
We present a multicast routing protocol called Distributed Core Both centre-based routing protocols have the following po-
Multicast (DCM). Itis intended for use within a large single In-  tential shortcomings:
ternet domain network with a very large number of multicast ] ) ) )
groups with a small number of receivers. Such a case occurs, ¢ traffic for the multicast group is concentrated on the links
for example, when multicast addresses are allocated to mobile ~ along the shared tree, mainly near the core router;
hosts, as a mechanism to manage Internet host mobility or in
large distributed simulations. For such cases, existing dense
or sparse mode multicast routing algorithms do not scale well
with the number of multicast groups. DCM is based on an ex-
tension of the centre-based tree approach. It uses several core
routers, called Distributed Core Routers (DCRs) and a special
control protocol among them. DCM aims: (1) avoiding multi-
cast group state information in backbone routers, (2) avoiding
triangular routing across expensive backbone links, (3) scaling
well with the number of multicast groups. We evaluate the per-
formance of DCM and compare it to an existing sparse mode  p|M-SM is not only a centre-based routing protocol, but
routing protocol when there is a large number of small multi- it also uses source-based trees. With PIM-SM, destinations
cast groups. We also analyse the behaviour of DCM when the can start building source-specific trees for sources with a high

e finding an optimal centre for a group is a NP-complete
problem and requires the knowledge of the whole net-
work topology [26]. Current approaches typically use
either an administrative selection of centers or a simple
heuristic [20]. Data distribution through a single centre
router could cause non optimal distribution of traffic in
the case of a bad positioning of the centre router, with
respect to senders and receivers. This problem is known
as a triangular routing problem.

number of receivers per group is not a small number. data rate. This partly addresses the shortcomings mentioned
above, however, at the expense of having routers on the source-
1 Introduction specific tree keep source-specific state. Keeping the state for

each sender is undesirable when the number of senders is large.

We describe a multicast routing protocol called Distributed DCM is based on an extension of the centre-based tree
Core Multicast (DCM). DCM is designed to provide low over- approach and is designed for the efficient and scalable deliv-
head delivery of multicast data in a large single domain net- ery of multicast data under the assumptions that we mention
work for a very large number of small groups. This occurs above (a large number of multicast groups, a few receivers per
when the number of multicast groups is very large (for exam- group and a potentially a large number of senders to a multicast
ple, greater than a million), the number of receivers per multi- group).

cast group is very small (for example, less than five) and each  As a first simplifying step, we consider a network model
host is a potential sender to a multicast group. where a large single domain network is configured into areas

DCM is a sparse mode routing protocol, designed to scale that are organised in a two-level hierarchy. At the top level
better than the existing multicast routing protocols when there is a single backbone area. All other areas are connected via
are many multicast groups, but each group has in total a few the backbone(see Figure 1). This is similar to what exists with
members. OSPF[14].

Relevant aspects of existing multicast routing protocols are ~ The issues addressed by DCM are: (1): to avoid multi-
described in Section 2. Sparse mode multicast routing proto- cast group state information in backbone routers, (2): to avoid
cols, such as the protocol independent multicast (PIM-SM) [5] triangular routing across expensive backbone links and (3) to
and the core-based trees (CBT) [3], build a single delivery tree scale well with the number of multicast groups.
per multicast group that is shared by all senders in the group. ~ The following is a short DCM overview and itis illustrated

in Figure 1. We introduce an architecture based on several core



1P Multicast alleviates the triangular routing problem common to all centre-

based trees, and unlike PIM-SM, is suitable for groups with
many sporadic senders. Similar to PIM-SM and CBT, DCM is
independent of underlying unicast routing protocol.

In this paper we examine the properties of DCM in a large
single domain network. However, DCM is not constrained to
a single domain network. Interoperability of DCM with other
inter-domain routing protocols is the object of ongoing work.

The structure of this paper is as follows. In the next section
we give an overview of the existing multicast routing proto-
cols. In Section 3 we present the architecture of DCM. That is
followed by the DCM protocol specification in Section 4. In
Section 5 we give a preliminary evaluation of DCM. Section 6
presents two examples of the application of DCM: when DCM
is used to route packets to the mobile hosts, and when itis used
in a large distributed simulation application.
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Figure 1: This is a model of a large single domain network and an
overview of data distribution with DCM. In this example there are four 2 Overview of Multicast Routing Protocols
non-backbone areas that communicate via the backbone. We show one
multicast grougM and DCRs X1, X2, X3 and X4 that seri& Step There are two basic families of algorithms that construct multi-
(1): Senders A2, B1 and C1 send data to the corresponding DCRscast trees used for the distribution of IP multicast data: source
inside their areas. Step (2) DCRs d|Str|bUte the multicast data aCrOS%peciﬁC trees and group shared trees. In the former case an im-
the backbone area to DCR X1 that needs it. Step (3): A local DCR pjicit spanning tree per source is calculated, which is minimal
sends data to the local receivers in its area. in terms of transit delay from a source to each of the receivers
. In the latter case only one shared tree, which is shared by all
sources, is built. There are two types of shared trees. One type
routers per multicast group, called Distributed Core Routers IS the Steiner minimal tree (SMT)[27]. The main objective is
(DCRs). to build a tree that spans the group of members with a min-
imal cost and thus globally optimise the network resources.
e The DCRs in each area are located at the edge of the Since the Steiner minimal tree problem is NP-complete, nu-
backbone. The DCRs act as backbone access points formerous heuristics have been proposed [25]. No existing SMT
the data sent by senders inside their area to receivers out-algorithms can be easily applied in practical multicast proto-
side this area. A DCR also forwards the multicast data cols designed for large scale networks [26]. The other type
received from the backbone to receivers in the area it be- of shared trees is a centre-based tree that builds the shortest
longs to. When a host wants to join the multicast group path tree rooted “in the centre” of the networks and spans only
M, it sends goin message. Thigin message is propa-  receivers of the multicast group.
gated hop-by-hop to the DCR inside its area that serves  Below we briefly describe existing dense and sparse mode
the multicast group. Conversely, when a sender has datamulticast routing protocols in the Internet.
to send to the multicast group, it will send the data en-
capsulated to the DCR assigned to the multicast group.  pense mode multicast routing protocols

e The Membership Distribution Protocol (MDP) runs be- Traditional multicast routing mechanisms, such as
tween the DCRs serving the same range of multicast ad- DVMRP[24] and MOSPF[13], are intended for use within
dresses. Itis fully distributed. MDP enables the DCRsto regions where multicast groups are densely populated or
learn about other DCRs that have group members. bandwidth is plentiful. Both protocols use source specific

o . . shortest path trees. These routing schemes require that each

e The distribution of data uses a special mechanism be- ., icast router in the network keeps per source per group
tween the DCRs in the backbone area, and the trees;, <) mation.
rooted at the DCRs towards members of the group in the DVMRP is based on the Reverse Path Forwarding (RPF)
other areas. We propose a special mechanism for datag|qqrjthm that builds a shortest path sender-based multicast de-
distribution between the DCRs, which does not require |yery ree. Several first multicast packets transmitted from a
that non-DCR backbone routers perform multicast rout- o, rce are broadcasted across the network over links that may
Ing. not lead to the receivers of the multicast group. Then the tree

With the introduction of the DCRs close to any sender and Pranches that do not lead to group members are pruned by

receivers, converging traffic is not sent to a single centre router Sendingprune messages. After a period of time, the prune
in the network. Data sent from a sender to a group within the State for each (source, group) pair expires and reclaims stale

same area is not forwarded to the backbone. Our approachPTUn€ state. Subsequent datagrams are flooded again until
branches that do not lead to group members are pruned again.



This scheme is currently used for Internet multicasting over the
MBONE.
In MOSPF, together with the unicast routing information,

native multicast data that is received by a local CBT router.
This router finds out the relevant core router for the multi-
cast group, and thus encapsulates the data packet (IP-in-IP)

group membership information is flooded so that all routers and unicasts it to the core router. After the core router decap-
can determine whether they are on the distribution tree for a sulates the packet it disseminates the multicast data over the
particular source and group pair. MOSPF is designed atop group shared tree. When a multicast data packet arrives at the
a link-state unicast routing protocol called OSPF[14]. With router on the tree, the router uses the group address as an index
MOSPF, in order to scale better, a large routing domain can be into the multicast forwarding cache. Then, it sends a copy of
configured into areas connected via the backbone area. Mul-the incoming multicast packet over each interface listed in the
ticast routers in non-backbone areas have the complete mementry, except the incoming interface.

bership information inside their corresponding areas, whilethe  Data from the sender whose local router is already on the
aggregate membership information of the area is inserted in thegroup tree is not sent via the core, but is distributed over the
backbone. Like DVMRP, MOSPF has a high routing message tree from the first-hop on-tree router.

overhead when groups are sparsely distributed. The main advantages of the CBT are that it is indepen-
dent of the underlying unicast routing protocols and the routers
keep forwarding information that correspond only to the mul-
ticast group and that do not depend on the source. This
. makes shared-based trees routing protocols more scalable than
Unlike DVMRP and MOSPF, a CBT [3] uses centre based g rce-based trees routing protocols.

shared trees: it builds and maintains a single shared bidi-  The main disadvantages of CBT are: CBT has a potentially
rectional multicast distribution tree for every active multicast higher delay compared with DVMRP because multicast pack-
group in the network. This tree is rooted in a dedicated router gts go not take the shortest path from the source to the destina-
for a multicast group that is called tivere and it spans all tions; traffic is concentrated on the links along the shared tree;

group members. Here we give a short description of how a gnq the triangular routing problem for non-member senders.
shared tree is built and how a host sends to the group.

A host starts joining a group by multicasting an IGMP[7]
host membership report across its attached link. When a lo-
cal CBT aware router receives this report, it invokes the tree PIM-SM [5] combines the source specific shortest path trees
joining process (unless it has already joined the tree) by gen-and centre based shared trees. On one hand, PIM-SM is con-
erating ajoin message. This message is then sent to the nextceptually similar to CBT: it builds a shared directed multicast
hop on the path towards the group’s core router. This join mes- distribution tree per multicast group centered at a special router
sage must be explicitly acknowledged either by the core router called the Rendezvous Point (RP). However, unlike CBT, PIM-
itself or by another router that is on the path between the send-SM builds unidirectional trees. The sending of multicast data
ing router and the core, which itself has already successfully is similar to CBT. Initially, the sender encapsulates data in reg-
joined the tree. Once the acknowledgement reaches the routeister messages and sends them directly to the RP where the
that originated the join message, a new receiver can receivedata is distributed along the shared tree. If the source contin-
the multicast traffic sent to the group. The state of the shared ues to send, the RP may send an explicit source-spgiific
tree is periodically verified by exchanging efho messages message towards the source. This sets up a path for traffic from
between neighbouring CBT routers on the shared tree. the source to the RP.

On the other hand, the unique feature of PIM-SM is that for
those sources whose data rate justifies it, forwarding of multi-
cast data from a particular source to the destination group can
be shifted from the shared tree onto a source-based tree. How-
ever, the result is that the routers on the source-specific tree
need to keep a source-specific state.

Core Based Trees (CBT) sparse mode multicast routing architec-
ture

Protocol Independent Multicast Sparse Mode (PIM-SM)

CORE router

Multiple centers routing protocols

In order to solve some of the problems inherent to both PIM-
SMand CBT due to the existence of the single center router per
multicast group, there are several routing protocols that intro-
‘ duce multiple center routers per multicast group. Hierarchical
PIM (HPIM)[2] builds on PIM-SM by using the hierarchy of
RPs for a group. A receiver joins the lowest level RP, this RP
joins a RP at the next level and so on. The number of levels in
the hierarchy depends on the scope of a multicast group. For
global groups, HPIM does not perform well, because all mul-

Data can be sent to a CBT tree by a sender whose localticast data is distributed via the RP that is the highest in the
router is not attached to the group tree. The sender originateshierarchy.

=

group member

-

Figure 2: Construction of the shared tree with CBT



Multicast Source Discovery Protocol (MSDP) [6],[28],[8] DCM, the backbone routers may keep group membership in-
allows multiple RPs per multicast group in a single share-tree formation for a small number of reserved multicast groups that
PIM-SM domain. It can also be used to connect several PIM- are used for control purposes inside the backbone. We say a
SM domains together. Members of a group initiate sending of DCR is labelled with a multicast group when there are mem-
a join message towards the nearest RP. MSDP enables RPsbers of the group inside its corresponding area. DCRs in dif-
which have joined members for a multicast group, to learn ferent areas run a special control protocol for distribution of
about active sources to the group. Such RPs trigger a sourcethe membership information, e.g information of being labelled
specific join towards the source. Multicast data arrives at the with the multicast group.

RP along the source-tree and then is forwarded along the group

shared-tree to the group members. [28] proposes to use they 3 Multicast Data Distribution

MSDP servers to distribute the knowledge of active multicast

sources for a group. Multicast packets are distributed natively from the local DCR

in the area to members inside the area. Multicast packets from

senders inside the area are sent towards the local DCR. This

can be done by encapsulation or by source routing. This is

ilar to what exists in MSDP.

DCRs act as packet exploders, and by using the other areas’

i membership information attempt to send multicast data across
the backbone only to those DCRs that need it (that are labelled
with the multicast group). DCRs run a special data distribution
protocol that try to optimize the use of backbone bandwidth.

) ) The distribution trees in the backbone are source-specific, but

3.1 Hierarchical Network Model unlike MSDP do not keep (S,G) information.

We consider a network model where a large single domain net-
work is configured into areas that can be viewed as being or-4 The DCM Protocol Specification
ganised in a two-level hierarchy. At the top level is a single
backbone area to which all other areas connect. This is sim-In this section we give the specification of DCM by describing
ilar to what exists with OSPF[14]. In DCM we use the area the protocol mechanisms for every building block in the DCM
concept of OSPF. However, DCM does not require underlying architecture.
unicast link state routing.
_ Our architecture introduces several core routers per mul- 4 1 Hierarchical Network Model: Addressing Issues
ticast group that are called Distributed Core Routers (DCRs).
The DCRs are border routers situated at the edge with the back-In each area there are several routers that are configured to act
bone. Inside each non-backbone area there can exist severals candidate DCRs. The identities of the candidate DCRs are
DCRs serving as core routers for the area. known to all routers within an area by means of an intra-area
bootstrap protocol [4]. This is similar to PIM-SM with the
difference that the bootstrap protocol is constrained within an
area. This entails a periodic distribution of the set of reachable
Regarding the two-level hierarchical network model, we dis- candidate DCRs to all routers within an area.
tinguish distribution of the membership information in non- Routers use a common hash function to map a multicast
backbone areas and in the backbone area. group address to one router from the set of candidate DCRs.
Inside non-backbone areas, multicast routers keep groupFor a particular group addrebf we use the hash function to
membership information for groups that have members inside determine the DCR that servés
the corresponding area. But unlike MOSPF, the group mem-  The used hash function #&(r(M), DCR;). Function
bership information is not flooded inside the area. The state r(M) takes as input a multicast group address and returns the
information kept in multicast routers is per group ((*,G) state) range of the multicast group, whiPCR; is the unicast IP
and not per source per group (no (S,G) state). If for the mul- address of the DCR. The targBiCR; is then chosen as the
ticast group G there are no members inside an area, then nacandidate DCR with the highest value lefr(AM), DCR;))
(*,G) state is kept in that area. This is similar to MSDP when among allj from set{1, .., J} where.J is the number of can-
it is applied on our network model. didate DCRs in an area:
Inside the backbone, non-DCR routers do not keep the
membership information for groups that have members in the h(r(M), DCR;) = max{h(r(M), DCR;),j =1,..,J}
non-backbone areas. This is different from MSDP where back- (1)
bone romersf can ke.Ep .(S’G) information when they are on the 1A DCR is said to serve the multicast group addidsshen it is dynamically
sogrc_:e speC|f_|c distribution trees from the senders towards RPSﬂelected among all the candidate DCRs in the area to act as an access point for
This is also different from MOSPF where all backbone routers aqdresai
have complete knowledge of all areas’ group membership. In

3 Architecture of DCM

In this section we describe the general concepts used by pcm.Sm
A detailed description follows in Section 4. We group general
concepts into three broad categories: (1) hierarchical networ
model (2) how membership information is distributed and (3)
how user data is forwarded.

3.2 Distribution of the Membership Information




One possible example of the function that gives the Fange The process of establishing the group shared tree is simi-

of the multicast group addrebsis : lar to PIM-SM [5]. The DR sends jain message towards the
determined DCR. Sendingjain message forces any off-tree
r(M) = M&B , whereB is a bit mask. 2) routers on the path to the DCR to forwariban message and

join the tree. Each router on the way to the DCR keeps a for-
warding state foM. When ajoin message reaches the DCR,
this DCR becomes labelled with the multicast grdugn this
way, the delivery subtree , for the receivers of the multicast

e We achieve minimal disruption of groups when there is 9roupM in an area, is established. The subtree is maintained
a change in the candidate DCR set. This means that we by periodically refreshing the state information fdrin the
have to do a small number of re-mappings of multicast routers on the subtree (this is done by periodically serjding

groups when there is a change in the candidate DCR set.Messages). ,
See [23] for more explanations. Similar to PIM-SM, when the DR discovers that there are

no longer any receivers fd, it sends aprune message to-
¢ We apply the hash functidm(.,.) as defined by the High-  wards the nearest DCR to disconnect from the shared distribu-
est Random Weight (HRW) [19] algorithm. This function tion tree. Figure 3 shows an example of joining the multicast
ensures load balancing between candidate DCRs. This isgroup.
very important, because no single DCR serves more mul-
ticast groups than any other DCR inside the same area.4 5 > Dpistribution of membership information inside the
By this property, we achieve that when the number of backbone
candidate DCRs increases, a decrease of the load on each
DCR. Load balancing is more efficient when the number The Membership Distribution Protocol (MDP) is used by
of possible ranges of multicast addresses is larger[19]. DCRs in different areas to exchange control information. The
) following is the short description of MDP.
All routers in all non-backbone areas should apply the  As said above, within each non-backbone area, for each
same function&(.,.),r(.). . . . range of multicast addresses (as defined by Equation (2)) there
By applying the hash function, a candidate DCR is aware s one DCR serving that range. DCRs in different areas that
of all the ranges of multicast addresses for which it is elected serve the same range of multicast addresses are members of
to be a DCRin its area. DCRs in different areas, that serve the the same MDP control multicast group that is used for ex-
same range of addresses, exchange control information (seghanging control messages. This group is defined by a MDP
Section 4.2.2). There is one reserved multicast group that cor-control multicast address as described in Section 4.1. There
responds to every range of multicast addresses. In order toare as many MDP control multicast groups as there are possi-
eXChange Con.trol information with other DCRS, aDCR joins a_ ble ranges of multicast addresses. A DCR joins as many MDP
reserved multicast group that corresponds to a range of multi- control multicast groups as the number of ranges of multicast
cast addresses that the DCR serves. Packets destined to a regddresses it serves in its area.
served multicast address are routed by using another multicast  Each MDP multicast group has as many members as there
routing protocol, other than DCM (see Section 4.2.2). Main- are non-backbone areas since there is one member DCR per
taining the reserved multicast groups is overhead, and we Wantarea. In practice, this is usually a small number. For example,
to keep it as low as possible. So we want to keep the number ofjn the network in Figure 3, X1, X2, X3 and X4 are members of
reserved multicast groups small. Obviously there is a tradeoff the same MDP control multicast group, while Y1, Y2, Y3 and
between the number of reserved groups and the efficiency ofy4 are members of the another MDP control multicast group.

We do not present here the hash function theory. For more
information see [23], [4] and [19]. The benefits of using hash-
ing to map a multicast group to DCR are the following:

load balancing among DCRs inside an area. We do not propose a specific protocol for maintaining the
multicast tree for the MDP control multicast group. This can
4.2 Distribution of membership information be done by means of an existing multicast routing protocol.
o o L For example, CBT[3] can be used.
4.2.1 Distribution of membership information inside non- DCRs that are members of the same MDP control multicast
backbone areas group exchange the following control information:

When a host is interested in joining the multicast griypt
issues an IGMP join message. A multicast router on its LAN,
known as the designated router (DR), receives the IGMP join
message. The DR determines the DCR inside its area that
servedM by means of a hash function, as described in the Sec-

e periodical keep-alive messageA DCR sends periodi-
cally the keep-alive control message informing DCRs in
other areas that itis alive. In this way a DCR in one area
has the accurate list of DCRs in the other areas that are
responsible for the same multicast groups.

tion 4.1. . . . .
¢ unicast distance information. Each DCR sends, to the
2A range is the partition of the set of multicast addresses into group of ad- corresponding MDP control multicast group, information
dresses. A range to which a multicast group address belongs to is defined by about the unicast distance from itself to other DCRs that

Equation (2). e.g if the bit mask is (hex) 000000FF we get 256 possible ranges

of IPV4 class-D addresses. it has learned to serve the same range of multicast ad-

dresses. This information comes from existing unicast
routing tables.
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Figure 3: The figure shows hosts in four areas that join four multicast groups with addveiske®s M3 andM4. Assume thak1 andM2 belong

to the same range of multicast addresses, wilandM4 belong to the another range of multicast addresses. Inside every area there are two DCRs.
Assume that DCRs (X1,X2,X3 and X4) serve the range of multicast addresses where group dddrasséd2 belong to. DCRs (Y1,Y2,Y3

and Y4) serve the range of multicast addresses where group addt8ssesM4 belong to. A circle on the figure represents a multicast router in
non-backbone areas that are involved in the construction of the DCR rooted subtree. These subtrees are showed with the dash lines. X2 and X4 are
now labelled witiM1, X1 and X4 are labelled with12, Y1 and Y2 are labelled witi3, while Y3 and Y4 are labelled witkl4.

e multicast group information A DCR periodically noti- what exists with MSDP, would be to distribute among DCRs
fies DCRs in other areas about multicast groups for which the information about active sources in the domain. Then the
it is labelled. In this way, every DCR keeps a record of (S,G) distribution path is built from the DCRs with the mem-
every other DCR that has at least one member for a mul- bers of group G towards the source S. Under our assumptions
ticast group from the range that the DCR serves. In ex- (a large number of small multicast groups, and many senders)
ample in Figure 3 routers X1,X2,X3 and X4 have a listof there would be a large number of (S,G) pairs to be maintained

labelled DCRs for groupsi1 andM2, while Y1,Y2,Y3 in backbone routers. The consequence is that backbone routers
and Y4 keeps a list of labelled DCRs for grow3 and would suffer from scalability problems.
M4,

Section 4.3.2 explains how the control information ex- 4-3 Multicast data distribution
changed with MDP is used for data distribution among DCRs. 431 How senders send to a multicast group
MDP uses its MDP control multicast addresses and per-
forms flooding inside the groups defined by those addresses.The sending host originates native multicast data, for the mul-
An alternative approach would be to use MDP servers. This ticast groupM, that is received by the designated router (DR)
approach leads to a more scalable, but also a more complexon its LAN. The DR determines the DCR within its area that
solution. This approach is not studied in detail in this paper.  servesM. We call this DCR the source DCR. The DR encap-
Here we compare DCM to MOSPF[13],[12] in the back- sulates the multicast data packet (IP-in-IP) and sends it with
bone. In MOSPF, all backbone routers have complete knowl- a destination address equal to the address of the source DCR.
edge of all areas’ group membership. Using this information The source DCR receives the encapsulated multicast data.
together with the backbone topology information, backbone
routers calculate the multicast data distribution trees. With 432 pata distribution in the backbone
MOSPF, complexity in all backbone routers increases with the
number of multicast groups. With DCM, DCRs are the only The multicast data for the grolis distributed from a source
backbone routers that need to keep state information for theDCR to all DCRs that are labelled witl. Since we assume
groups that they serve. In addition, as described in Section 4.1,that the number of receivers per multicast group is not large,
the number of multicast groups that a DCR serves decreases athere are only a few labelled routers per multicast group. Our
the number of candidate DCRs increases inside an area. Theregoal is to perform multicast data distribution in the backbone
fore, DCM is more scalable than MOSPF. in such a way that backbone routers keep a minimal state in-
With DCM the areas’ membership information is dis- formation while at the same time backbone bandwidth is used

tributed among DCRs. An alternative approach, similar to efficiently. We propose a solution that can be applied in the



Internet today. It uses point-to-point tunnels to perform data Phase 2: Improve a greedy tree

distribution among DCRs. With this solution, non-DCR back- STH can be further improved by two additional steps:
bone routers do not keep any state information related to the ) N )

distribution of the multicast data in the backbone. The draw- ® Step & Determine a minimum spanning tree for the sub-
back is that is that backbone bandwidth is not optimally used network ofG induced by the nodes ifi (after the step
because using tunnels may cause possible packet duplications 4).

along backbone links. In the Appendix at the end of the paper
we propose two alternative solutions for data distribution in the
backbone. With those solutions backbone bandwidth is used
more efficiently, but at the expense of having the new routing
mechanism that needs to be performed by backbone routers.

e Step 6 Remove from the minimum spanning tree non-
labelled DCRs of degree 1. Also remove non-labelled
DCRs of degree 2 if the triangular inequality holds. The
resulting tree is the (suboptimal) solution.

Figures 4, 5 and 6 illustrate three examples of the usage
of STH in Figure 3. Nodes X1, X2, X3 and X4 present four
The DCR that serves the multicast grddpkeeps the follow- DCRs that serve the multicast groMd. In the three examples
ing information: (1) a se¥ of DCRs that serve the same range the inter-DCRs unicast distances are different. In all these ex-
to which M belongs; (2) information about unicast distances amples, the source DCR fttl is X1 and the labelled DCRs
between each pair of DCRs frowy (3) the set of labelled for M1 are X2 and X4. For the first two examples, the tree
DCRs forM. The DCR obtains this information by exchang- thatis obtained by the first phase of STH cannot be further im-
ing the MDP control messages with DCRs in other areas. In proved by steps 5 and 6. In the third example, steps 5 and 6
this way, we present the virtual network of DCRs that serve the give improvements in terms of cost of the resulting tree.
same range of multicast group addresses by means of an undi- The source DCR applies STH to determine the distribution
rected complete grapli = (V, E). V is defined above, while  tunnel tree from itself to the list of labelled DCRs for the mul-
the set of edgeE are tunnels between each pair of DCRs in ticast group. The source DCR puts inter-DCR distribution in-
V. Each edge is associated with a cost value that is equal to anformation in the form of an explicit distribution list in the end-
inter-DCR unicast distance. to-end option field of the packet header. Under the assumption

The source DCR, calle§ calculates the optimal tree that  that there is a small number of receivers per multicast group,
spans the labelled DCRs. In other wor8dinds the subtree  the number of labelled DCRs for a group is also small. Thus,
T = (Vr, Er) of G that spans the set of nodessuch that an explicit distribution list that completely describes the distri-
cost(T) = ) ., cost(e) is minimised. We recognise this  bution tunnel tree is not expected to be long. _
problem as the Steiner tree problem. Instead of finding the ~ When a DCR receives a packet from another DCR, it reads
exact solution, that is a NP-complete problem, we introduce a from the distribution list whether it should make a copy of the
simple heuristic called Shortest Tunnel Heuristic (STH). STH Multicast data and of the identities of the DCRs where it should
consists of two phases. In the first phase a greedy tree is built,S€nd multicast data by tunneling. Labelled DCRs deliver data
by adding one by one, the nodes that are closest to the tred© local receivers in the corresponding area. An example that
under construction, and then removing unnecessary nodesShows how multicast data is distributed among DCRs is pre-

The second phase is further improving the tree established so>ented in Figure 7. This is a simple example when the resulting
far. distribution tunnel tree is of height 2. Our approach works also

for more complex trees, when the height of the tree is more
Phase 1: Build a greedy tree than 2. For such cases, the distribution list that describes the
tree is expected to be longer (see Figure 13 in the Appendix for
e Step 1 Begin with a subtred of G consisting of the an example of a distribution list that describes a more complex
singe nodes k = 1. tree).
The source DCR applies STH every time it learns that there
e Step 2 if k = n then gotoStep 4 n is the number of is a change of any of the following information: list of DCRs,
nodes in set V. unicast distances between DCRs, or list of labelled DCRs for
. a multicast group. If the application of STH results in a new
o Step 3 Determine anode; 1 € V', zx41 ¢ T closest distribution tunnel tree in the backbone, subsequent data is sent
to T (ties are broken arbitrarily). Add the nodg., to along the new tree. Therefore, even though the distribution tree
T.k =k +1. GotoStep 2 has changed, this does not result in data losses. Analysis of
how many data packets are lost, before the source DCR learns
about membership change, is to be done.

In order to minimize the encapsulation overhead while
sending the multicast data in the backbone, we can use, instead
Swith the smallest cost needed to connect to some node that is alreddy on  Of IP-in-IP tunneling, the encapsulation technique called Min-
A degree of a node in a graph is the number of edges incident with a node imal Encapsulation within |P[17],[21], This technique com-

5The triangular inequality holds if the cost of a single edge that connects presses the inner IP header by removing the duplicated fields
the nodes adjacent to the node-to-be removed is less, or equal, to the sum of the

costs of the two edges that connect the node-to-be removed with the two adjacentedge (tunnel) connecting the two nodes adjacent to the node-to-be removed. The
nodes. A node of degree 2 is removed by its two edges being replaced by a singlesource DCR is never removed from a graph

Point-to-Point Tunnels

e Step 4 Remove fromT non-labelled DCRs of degrée
1. Also remove non-labelled DCRs of degree 2 if the
triangular inequality holds.
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(a) the four node complete (b) start with X1; add X3 to the tree (c) X2 is added to the (d) result of STH up to step 4; since X3 is of
graph because itis closerto X1than X2 and  tree degree 3 it is not removed from the tree; this is
X4 STH solution since the tree cannot be improved
by the steps 5 and 6.

Figure 4: First example of application of STH on the complete graph
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(a) the four node complete (b) result of STH up to step 4 (c) X3 is of degree 2 and it is not the labelled DCR; it is removed
graph from the tree; X2 and X4 are connected with the edge (a tunnel be-
tween them); this is STH solution since the tree cannot be improved

by the steps 5 and 6.

Figure 5: Second example of application of STH on the complete graph
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(a) the four node complete (b) result of STH up to step (c) X3 is removed from the tree; re- (d) Steps 5 and 6: minimum
graph 4 sult of STH up to step 5 spanning tree of X1, X2 and

X4; this is STH solution

Figure 6: Third example of application of STH on the complete graph
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Figure 7: The figure presents an example of inter-DCR multicast data distribution by using point-to-point tunnels. The source DCR is X1 and
labelled DCRs are X2 and X4. X1 calculates the distribution tunnel tree to X2 and X4 by applying STH. Assume that the result of STH gives the
distribution tunnel tree consisting of edges X1-X3, X3-X2 and X3-X4 (as in Figure 4). Then X1 sends the encapsulated multicast data packet to X3.
In the end-to-end option field of the packet, a distribution list is contained. X3 sends two copies of multicast data: one to X2 and the other to X4.
On this figure are also presented packet formats at various points (points 1, 2 and 3) on the way from X1 to X2 and X4. A tunnel between the two
DCRs is shown with the dash line.

that are in both inner and outer header. In this way we have such assumptions are satisfied is when one multicast address is
less header length overhead and less MTU problems than inassigned to a mobile host. We do not consider the case of PIM-

the case of IP-in-IP encapsulation. SMwhen it builds source-specific trees because this introduces
a high degree of complexity to PIM-SM when the number of
4.3.3 Data distribution inside non-backbone area senders is large. We analyse the following characteristics: size

of the routing table, traffic concentration in the network and
A DCR receives encapsulated multicast data packets eithercontrol traffic overhead.
from a source that is within its area, or from a DCR in another We also discuss how DCM performs when there are some
area. A DCR checks if it is labelled with the multicast group groups that have many members that are sparsely distributed
that corresponds to the received packet, i.e whether there ardn a large single domain network.
members of the multicast group in its area. If this is the case,a  This is the preliminary evaluation of DCM. The evaluation
DCR forwards the multicast packet along the distribution sub- of DCM with some real world network model is yet to be done.
tree that is already established for the multicast group (as is

described in Section 4.2.1). 5.1 Amount of multicast router state information and

CPU Usage

5 Preliminary Evaluation of DCM . . S
Y DCM requires that each multicast router maintains a table of

multicast routing information. In our simulations, we want
to check the size of multicast router routing table. This is
the number of (*,G) multicast forwarding entries. The rout-

We have implemented DCM using the Network Simulator
(NS) tool [1]. To examine the performance of DCM, we per-

formed simulations on a single-domain network model con-

sisting of four areas connected via the backbone area. Figure gnd able size becomes an especially important issue when the
illustrates the network model used in simulations where areas "Umber of senders and groups grows, because router speed and
A,B, C and D are connected via the backbone. The whole net- Memory requirements are affected. .

work contains 128 nodes. We examined the performance under, e performed a number of simulations. In all the simula-
realistic conditions: the links on the network were configured 10NS; we used the same network model presented in Figure 8,

to run at 1.5Mb/s with a 10ms delay between hops. The link but with different numbers of multicast groups. For each group
costs in the backbone area are higher than the costs in othef€re are 2 receivers and 20 senders.

areas. We evaluate DCM and compare it with the shared-tree_ Within each area, there is more than one candidate DCR.
case of PIM-SM. Our assumptions are given in the introduc- The hash function is used by routers within the network to map

tory part of the paper: there is a large number of small multi- @ Multicast group to one DCR in the corresponding area. We

cast groups and a large number of potential senders that spof@ndomly distributed membership among a number of active

radically send to a group. The most interesting example where



sender
Area D
A\M/\/)'— %M

sender

AreaD

DCR X3

Backbone
Area g

—
DCRQ
pi !
[ —
-

Areap  Sender

join M < ==~ >
P I
~~ O Multicast —7

L
E
~ - DCR X1
(e 770 M e~
- '. *
sender

Backbone R sender

Area

AreaC

=
sender

(a) PIM-SM Shared-tree (b) DCM

Figure 8: The figure presents one member of the multicast gkbiparea A and four senders in areas A, B, C and D. Two different approaches

for data distribution are illustrated: the shared-tree case of PIM-SM and DCM. In the case of DCM within each area there is one DCR that serves
M. In PIM-SM one of the DCRs is chosen to be the centre router (RP) . With PIM-SM, all senders send encapsulated multicast data to the RP. In
DCM each sender sends encapsulated multicast data to the DCR inside their area. With PIM-SM, multicast data is distributed from the RP along
established distribution tree to the receiver (dash line). With DCM, data is distributed from source DCRs (X1, X2, X3 and X4) to a receiver by
means of point-to-point tunnels (full lines in the backbone) and the established subtree in Area A (a dash line)

groups. For every multicast group, receivers are chosen ran- % ‘ ‘ ‘ ‘ ‘ M
domly. In the same way, senders are chosen. 1800} PIM-SM backbone router g
The same scenarios were simulated with PIM-SM applied bCR B

as the multicast routing protocol. In PIM-SM, candidate RP 1o

routers are placed at the same location as candidate DCRs in
the DCM simulation.

We verified that among all routers in the network, routers
with the largest routing table size are DRCs in the case of
DCM. In the case of PIM-SM they are RPs and backbone
routers. We define the most loaded router as the router with
the largest routing table size. Figure 9 shows the routing table
size in the most loaded router for the two different approaches.
Figure 9 illustrates that the size of the routing table of the most
loaded DCR is increasing linear with the number of multicast ~
groups. The most loaded router in PIM-SM is in the backbone. o 00 1000 1500 2000 2800 3000 3500
As the number of multicast groups increases, the size of the number of multicast groups
routing table in the most loaded DCR becomes considerably ] ] ]
smaller than the size in the most loaded PIM-SM backbone  Figure 9: Routing table size for the most loaded routers
router.

As it is expected, routing table size in RPs is larger than in
DCRs. This can be explained by the fact that the RP router in i .
the case of PIM-SM is responsible for the receivers and senderscast groups. With DCM aljoin/prune messages from the

in the whole domain, while DCRs are responsible for receivers €ceivers in non-backbone areas are terminated at the corre-
and senders in the area where the DCR belongs. sponding DCRs situated at the edge with the backbone. Thus,

For non-backbone routers, simulation results show that in DCM non-DCR backbone routers need not keep multicast
with the placement of RPs at the edges of the backbone, theredfoup state information for groups with receivers inside non-
is not a big difference in their routing table sizes for DCM and backbone areas. Backbone routers may keep group member-
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PIM-SM. ship information only for a small number of the MDP control
Figure 10 illustrates the average routing table size in back- Multicast groups. )
bone routers for the two routing protocols. In the case of PIM- _ Here we also investigate how DCM compares to PIM-SM

SM, this size is increasing linear with the number of multi- in terms of CPU. In non-backbone areas, the forwarding mech-
anism of multicast data in routers, other than DCRs and RPs, is



2000

5.3 Control traffic overhead

1800 PIM-SM B .
oM —— Join/prune messages are overhead messages that are used for
1600¢ 1 setting up, maintaining and tearing down the multicast data
1400 | delivery subtrees. In our simulations we wanted to measure
L the number of these messages that are exchanged in the cases
1200 - ] when DCM and PIM-SM are used as the multicast routing
1000} o 1 protocols. Simulations are performed with the same simula-

tion parameters as in the previous subsection (2 receivers per
multicast group). They have shown that in DCM the number
of join/prune messages is around 20% smaller than in PIM-
SM. This result can be explained by the fact that in DCM all
join/prune messages from the receivers in the non-backbone
areas are terminated at the corresponding DCRs inside the
same area, close to the destinations. In PIMi8M/prune
messages must reach the RP that may be far away from the
destinations.

In DCM, for every MDP control multicast group, DCRs
exchange the MDP control messages. As it is explained in
Section 4.2.2, the number of the MDP control multicast groups
is equal to the number of possible ranges of multicast group
the same for the two approaches. Thus, the forwarding engineaddresses. This number is set independently of the number
in such routers costs the same in terms of CPU for the two rout- of multicast groups in the areas. The number of members per
ing protocols. However, in the case of DCM, DCRs have more MDP control multicast group is equal to the number of non-
complex forwarding engines than RPs in the case of PIM-SM. backbone areas. This is usually a small number. Since the
The reasons are that DCRs run MDP, and the special packetsenders to the MDP control multicast group are DCRs, which
forwarding mechanism in the backbone. Consequently, DCRsare the MDP control group members, the number of senders
use more CPU than RPs in the case of PIM-SM. The detailed is also a small number. The overhead of the MDP keep-alive
analysis and numerical results for CPU usage for the two ap- control messages depends on the time period that they are sent.
proaches is yet to be done. DCRs also exchange the MDP control messages that notify
the multicast groups for which they are labelled. Instead of
sending periodically the MDP control message for every single
multicast group that is serves, a DCR can send an aggregate
In the shared-tree case of PIM-SM, every sender to a multi- control information for a list of multicast groups, thus reducing
cast group initially encapsulates data in register messages andhe MDP control traffic overhead.
sends them directly to the RP router uniquely assigned to that
group within the whole domain. In Figure 8(a) all four senders 5.4 Behaviour of DCM when the number of receivers per
to a multicast group send data towards a single point in the net- multicast group is not a small number
work. This increases traffic concentration on the links leading
to the RP. DCM is a sparse mode routing protocol, designed to be optimal

Unlike PIM-SM, CBT builds bidirectional shared trees. When there are many groups with a few members. Below we
With CBT, data from a sender whose local router is already on investigate how DCM performs when there are some groups
the shared tree is not sent via the core, as is the case with unithat have many members that are sparsely distributed in a large
directional shared trees, but is distributed over the tree from single domain network.
its local on-tree router. However, in the case that we consider, e In the case of PIM-SM, when there are more receivers
when there are only a few receivers per multicast group, many per multicast group, more contrjalin/prune messages
senders’ local routers are not on the shared tree. With CBT, are sent towards the RP for the multicast group. This
in this case, data should be distributed via the core, which be- router is probably far away from many receivers.

comes similar to data distribution with PIM-SM. In the case of DCMjoin/prune messages are sent from

average routing table size at the backbone router
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Figure 10: Average routing table size at backbone router

5.2 Traffic concentration

With DCM, converging traffic is not sent to a single point
in the network because each sender sends data to the DCR as-
signed to a multicast group within the corresponding area (as
presented in Figure 8(b)).

In DCM, if all senders and all receivers are in the same
area, data is not forwarded to the backbone. In that way, back-
bone routers don’t forward the local traffic generated inside an
area. Consequently, triangular routing across expensive back-
bone links is avoided.

receivers towards the nearest DCR. This entails that the
number ofjoin/prune messages in the case of DCM be-
comes considerably smaller than in the case of PIM-SM
when the number of receivers increases. The number
of the MDP control multicast groups and the MDP con-
trol traffic overhead are independent of the number of re-
ceivers per multicast group.

DCM alleviates the triangular routing problem that is
common to the shared tree case of PIM-SM. When the



number of receivers increases, the triangular routing Overview of proposals for providing host mobility in the
problem with PIM-SM is more important. Internet

e With DCM, when the number of receivers per group in- Inthe IETF Mobile IP proposal [16] each host has a permanent
creases, we can expect that there are more labelled DCRdome IP address that does not change regardless of the mobile
per group (but this number is always less that the num- host’s current location. When the mobile host visits a foreign
ber of areas). The time to compute the distribution tunnel network, it is associated with a care-of-address, that is IP ad-
tree in the backbone is equal to the time to perform STH. dress related with the mobile host current position in the Inter-
The required time is dependent of the number of DCRs net. When a host moves to visited network it registers its new
that serve the multicast group (equal to the number of location with its home agent. The home agent is a machine that
non-backbone areas) and is independent of the number ofacts as a proxy on behalf of the mobile host when it is absent.
receivers per group. However, we can expect that the dis- When some stationary host sends packets for the mobile host
tribution tunnel tree in the backbone after applying STH it addresses them to the mobile host's home address. When
is more complex, and that it contains more tunnel edges, packets arrive on the mobile host's home network, the home
since the number of labelled routers is larger and more agent intercepts them and sends by encapsulation packets to-
nodes need to be spanned. wards the mobile host's current location. With this approach
With DCM, data distribution in the backbone uses point- all datagrams addressed to a mobile host are always routed via

to-point tunnels between DCRs. With this approach its home agent. This causes the so-called triangle routing prob-

backbone routers other than DCRs need not be multicastlem'

able, but the cost is that it does not completely optimize In IPv6 mobility proposal[18] when a handover is per-

the use of backbone bandwidth. In order to make the dataformed, the mobile host is responsible for informing its home
distribution more optimal, backbone routers should also 296Nt and correspondent hosts about its new location. In or-
be included in the forwarding of multicast data. In the der to reduce packet losses during handover, [18] proposes a

: : ; ; router-assisted smooth handover.
Appendix, we give a short outline of our ongoing work - . .
on the new mechanisms for distributing the multicast data The Columbia approach [10] was designed to support in-

: tracampus mobility. Each mobile host always retains one IP
in the backbone. home address, regardless of where it is on the network. There
is a number of dedicated Mobile Support Stations (MSSs) that

6 Examples of application of DCM are used to assure the mobile host’s reachability. Each mobile

o o _ host is always reachable via one of the MSSs. When a mobile

6.1 Example of application of DCM in distributed simu- host changes its location it has to register with a new MSS. A
lations MSS is thus aware of all registered mobile hosts in its wire-

less cell. A source that wants to send a packet to a mobile host

Distributed simulations and distributed games are applications . . .
where scalable multicast communication is needed to supportfsends itto the MSS that is closest to the source host. This MSS

a large number of participants. [11] describes a network archi- 1S re_sponsible for Iearni_ng about the MSS that is_, closest to t_he
tecture for solving the problem of scaling very large distributed motglf hosthand to ?el'vei. the packetMéASspemal protocol is
simulations. A large-scale virtual environment is spatially par- used fo exchange Information among S-

titioned into appropriately sized hexagonal cells. Each cell is MSM-IP (MOb'.“ty support using Multicasting in 'P) [1.5]
mapped to a multicast group. For a large virtual environment Proposes a generic archne_cture to support_host mobility in the
there exists a large number of multicast groups. Each partici- Internet by using multicasting as a mechanism to route packets

pant is associated with a number of cells according to its areat® the mobile hosts. The routing protocol used in this architec-

; A ; : ture is out of the scope of MSM-IP.
of interest, and it joins the corresponding multicast groups. Ev- ; . .
ery participant have the view of all other participants that are Cellu_l_ar IP [22] z_archltecture re_I!es on the separation Qf lo-
members of the same multicast group. Participants can move.Cal m‘?b'“ty from wide area mOb”.'ty' Cgllular P IS applleo_l
and dynamically change their cells of interest. We can assumeln @ wireless access network and it can interwork with Mobile

: . : . IP to provide wide area mobility support, that is mobility be-
that in a large virtual environment the number of participants )
per cell is not a large number. In this case DCM can be applied tween Cellular IP networks. With Cellular IP network nodes

to route packets to a multicast group inside the cell. _maintain distribu_teo! caches fo_r location management anq rout-
ing purposes. Distributed paging cache coarsely maintains the
o ] position of 'idle’ mobile hosts in a cellular IP network. Dis-
6.2 Example of application of DCM: supporting host mo- tributed routing cache maintains the position of active mobile
bility hosts in a Cellular IP network and is updated more frequently

Another application of DCM is to use it to route packets to the that @ paging cache. In a Cellular IP network there exists one
mobile hosts. We start this subsection with a short description 93teway node (GW). A mobile host entering a Cellular IP net-
of the certain existing proposals for providing host mobility in ‘;"SOrclgfeorgf”;‘égf;;gs;mepg’:gtg}/gftﬁg%g;ﬁé%gi&ﬂpj Zg(?enlt
the Internet and then illustrate how DCM can support mobility. el > )
PP Y lular IP network via the GW. From GW, packets addressed to a
mobile host are routed to its current base station on a hop-by-



hop basis according to routing caches in the network nodes.

Application of DCM to host mobility

DCR X3

In this section we show how DCM can be applied in the mo-
bility management approach based on multicasting. This ap-
proach is not an alternative to Mobile IP [16] since DCM is
not a solution to wide-area mobility. In contrast, this approach
can be used as an alternative to Cellular IP[22] within a single
domain network.

We consider the network environment composed of wire-
less cells. Mobile hosts communicate with base stations over
wireless links, while the base stations have the fixed connec-
tion to the Internet.

When a visiting mobile host arrives into the new domain
itis assigned a temporary multicast addte#is is the care-
of address that the mobile keeps as long it stays in the sameFigure 11: The mobile host (MH) is assigned the multicast address
domain. This is unlike Mobile IP [16] where the mobile host M. Four DCRs, X1, X2, X3 and X4 serWd. Step (1): Base station
does a location update after each migration and informs aboutBS1 sends join message fok towards X1. X1 informs X2, X3 and
this to its possible distant home agent. X4 that it has a member fodl. Step (2): Advance registration for

We propose to use DCM as the mechanism to route packetsi" & neighbouring cell is done by BS2. Step (3): The sender sends
to the mobile hosts. As explained in Section 4.1, for the mobile ?hr’::)iCkr?tthtg t;gléﬁggrsl; ?SO;T' SStt:p ((5‘;?: x?‘rche?\(/:gseteﬂigs g&g‘{gae?nul_
.hOStIS assigned multicast addrgss, within each area, there e‘X'ticastgdata packet. From Xi datelljis férwarded to BS1 aﬁd BS2. MH
ists a DCR that serves that multicast address. These DCRS &€ ceives data from BSL.
responsible for forwarding packets to the mobile host. As said
before, the DCRs run the MDP control protocol and are mem-
bers of a MDP control multicast group for exchanging MDP
control information. same time the mobile host receives data only from a base sta-

A multicast router in the mobile host’s cell initiates a join-  tion in its current cell. A base station that receives a packet
ing the multicast group assigned to the mobile host. Typically on behalf of the mobile host that is not present in its cell can
this router coexists with the base station in the cell. As de- either discard a packet or buffer it for a certain interval of time
scribed in Section 4.2.1 thjein message is propagated to the (e.g. 10ms). Further research is needed to determine what is
DCR inside the area that serves the mobile host's multicast the best approach.
address. Then, the DCR sends to the MDP control multicast ~ Here we describe in more details how advance registration
group a MDP control message when the mobile host is regis- is performed. At its current cell, the mobile host receives data
tered. along the distribution subtree that is established for the mo-

In order to reduce packet latency and losses during a han-bile host’s multicast address. This tree is rooted at the DCR
dover, advance registration can be performed. The goal is thatand maintained with a periodical sending of jlia messages.
when a mobile host moves to a new cell, the base station in Now, suppose that the base station in the neighbouring cell an-
the new cell should already start receiving data for the mobile ticipates arrival of the mobile host. It begins a joining process
host. The mobile host continues to receive the data without for the multicast group assigned to the mobile host. This pro-
disruption. There are several ways to perform this: cess is terminated whenj@éin message reaches a router that
is already on the distribution tree. When the cells are close to
each other, joining is terminated at the lowest branching point
in the distribution tree. This ensures that the neighbouring base
station quickly becomes a part of the multicast distribution tree
with low overhead. The neighbouring base station can start
¢ In the case where a bandwidth is not expensive on the joining the multicast group assigned to the mobile host after

wired network, all neighbouring base stations can start the mobile host leaves its previous cell. Routers on the distri-
receiving data destined to a mobile host. This guaranteesbution tree keep forwarding information for a given time, even
that there would be no latency and packet losses during aif the previous base station stops refreshing the tree because
handover. the mobile host leaves its cell. As before, if the base stations
are close to each other, the multicast distribution tree for the
new base station can be established in a short period of time
thus making handover efficient. One example that illustrates
SIn this paper we do not discuss how a multicast address is assigned to a @dvance registration is presented in Figure 12.
mobile host

"The mechanism by which the base station anticipates the arrival of the mo-
bile host is out of the scope of this paper

® Sender

e A base station that anticipafethe arrival of a mobile
host initiates joining the multicast address assigned to
the mobile host. This is illustrated in one example in
Figure 11.

A packet for the mobile host reaches all base stations that
joined the multicast group assigned to the mobile host. At the
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Figure 12: This figure presents an example of advance registration.
At first, the mobile host (MH) is in cell 1. MH is assigned a multicast
addresdVl. Base station BS1 receives data for MH along the distribu-
tion subtree rooted at the DCR. On this subtree are routers A, B, C
and D. Before host moves from cell 1 to cell 2, neighbouring base sta-
tion BS2 initiates an advance joining fdr Joining at position 2 is
terminated at router C.

Comparison of the mobility management based on DCM
and the Cellular IP approach

In Cellular IP, the process of establishing the distribution tree
from the gateway node to the mobile host is similar to what
exists in DCM for establishing the distribution subtree from a
DCR to the mobile host in its current area. With DCM, main-
tenance of the distribution tree is performed by sending of pe-
riodic join messages and is initiated by the base stations in the
vicinity of the mobile host. With Cellular IP, this is done on
the packet basis sent from the active mobile.

We see the scalability problem with Cellular IP when there
is a large number of mobile hosts inside the Cellular IP net-
work. The single gateway node is the centre of all distribution
trees that are built for mobile hosts within a network. All the
traffic for mobile hosts inside the Cellular IP networks goes via
the gateway node that presents a 'hot spot’ in the network.

With DCM we avoid existence of the center router, poten-
tial "host spot’ in the network. DCM builds distribution sub-
trees for mobile hosts that are rooted at a number of DCRs.
We believe DCM to scale better than Cellular IP when there is
a large number of mobile hosts.

Open Issues

In this paper we do not address the problems of using multicast
routing to support end-to-end unicast communication. These
problems are related to protocols such as: TCP, ICMP, IGMP,
ARP. A simple solution to this problem could be to have a

routed by using a multicast mechanism. Conversely, at the end
systems, these packets are considered as unicast packets and
standard unicast mechanisms are applied.

7 Conclusions

We have considered the problem of multicast routing in a large
single domain network with a very large number of multicast
groups with a small number of receivers. Our proposal, called
Distributed Core Multicast (DCM) is based on an extension of
the centre-based tree approach. DCM uses several core routers,
called Distributed Core Routers (DCRs) and a special control
protocol among them. The objectives achieved with DCM
are: (1) avoiding state information in backbone routers, (2)
avoiding triangular routing across expensive backbone links,
(3) scaling well with the number of multicast groups. Our ini-
tial results tend to indicate that DCM performs better than the
existing sparse mode routing protocols in terms of multicast
forwarding table size. We have presented an example of the
application of DCM where it is used to route packets to the
mobile hosts.

Appendix

In section Section 4.3.2 we presented one solution called point-
to-point tunnels for the distribution of multicast data between
DCRs. Point-to-point tunnels avoid triangular routing across
expensive links in the backbone, but does not completely op-
timise the use of backbone bandwidth. Here we present two
alternative solutions called tree-based source routing and list-
based source routing that use backbone bandwidth more opti-
mally than point-to-point approach.

Tree-Based Source Routing

This solution assumes that the DCRs are aware of backbone
topology (e.g the backbone is one OSPF area) and backbone
routers implement a special packet forwarding mechanism
called tree source routing. This approach consists in that a
source DCR for the multicast group computes a shortest path
tree rooted at itself to a list of labelled DCRs for the multicast
group. On a shortest path can be included DCRs in other ar-
eas that serve the multicast address, as well as non-DCR back-
bone routers. A description of a shortest path tree with des-
tinations and branching points is included in the tree source
routing header by the source DCR. Figure 13 shows one ex-
ample of tree source routing approach.

This approach ensures that backbone bandwidth is used
more optimally than if the “point-to-point tunnels” approach
is used. This is achieved at the expense of introducing the new
tree source routing mechanism that needs to be performed by
backbone routers.

List-Based Source Routing

special range of unicast addresses that are routed as multicasthis solution proposes a new list-based multicast data distri-
addresses. In this way, packets destined to the mobile host aréoution in backbone. Here we give an initial description of



tree source routing header

da=R1 ‘ X2; R3 ( X3;X4) |:|
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Figure 13: This figure shows how multicast data is distributed from source DCR X1 to labelled DCRs X2, X3 and X4 by using tree-based source
routing approach. X1 puts distribution information in tree source routing header after computing a shortest-path tree to routers X2, X3 and X4. At
first, the data should be delivered to backbone router R1 where two copies of the multicast data are made. One copy is sent encapsulated to X2,
while the other is sent encapsulated to backbone router R3. As soon as router R3 receives a packet it reads from the tree source routing header that
it should send two copies of the multicast data: one to X3 and the other to X4.
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sa=R1 sa=R1
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