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SUMMARY  The state-oriented design of IP multicast may lead to the
scalability problem, especially when there is a very large number of con-
current multicast groups in the network. Motivated by this problem, ex-
plicit multicast offers a stateless design using header space of multicast data
packets. In this paper, we propose a novel stateless scheme called Linkcast
that efficiently eliminates processing overhead of explicit multicast proto-
cols. In Linkcast, the multicast sender encodes the tree listing its links in a
proper way. The tree code is sent with every multicast data packet. Simula-
tion results and experiments with real-trees show that Linkcast completely
eliminates processing overhead of other explicit multicast protocols such
as Xcast with comparable header size overhead.
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1. Introduction

Multicast can be considered as an efficient mechanism that
decouples senders from receivers’ information. Multicast
sources can send their data packets on the network without
worrying about information such as the number and location
of receivers in the network. It also significantly enhances
bandwidth utilization eliminating redundant packet replica-
tion. Traditional IP multicast routing protocols like DVMRP
[18] and PIM-SM [13] require state maintenance in the on-
tree routers, commonly known as Multicast Forwarding Ta-
ble (MFT), in order to forward multicast packets correctly.
This behavior is inconsistent with stateless philosophy of
IP design, which declares that network devices (i.e. routers)
should keep minimum state for routing purposes and com-
plexities must be moved to the edges of the network. In IP
multicast, state maintenance is performed in a per-group ba-
sis at on-tree routers. Therefore, the routers may easily run
out of memory when there are very large number of low to
moderate size multicast groups.

Small size multi-party applications such as video and
audio confrencing, IP telephony and network games can
not be well serviced at large scales by the current multicast
model. Xcast [5],[6] and its variations Xcast+ [16], Bcast
[1] and ERM [4] are designed to serve this class of appli-
cations in a scalable manner. Basic idea in explicit multi-
cast is to provide sender with receivers’ information such as
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their IP addresses or their paths towards the sender. Then,
the sender generates a proper header and attaches it to every
multicast data packet. The header is processed by interme-
diate routers to forward multicast data packets. Therefore,
group size is inherently limited to a small number in order to
reduce processing overhead in intermediate routers and size
overhead of generated header.

In Xcast and Xcast+, a list of destination IP addresses
is sent with each multicast data packet. Hence, each router
along the way forwards the packet based on the remaining
destination addresses in the list. In Bcast and ERM, IP ad-
dresses of the receivers and branching points of multicast
tree are sent with each packet. However, these protocols
use unicast routing to forward multicast packets. They trade
off the header size and processing power in favor of scala-
bility and simplicity. The processing overhead consists of
two parts: 1- number of required unicast lookups, 2-header
decoding.

In [2], we presented Linkcast, which completely elimi-
nates the unicast table lookups performed in forwarding pro-
cess of other explicit multicast protocols. In Linkcast, the
sender encodes the multicast distribution tree in terms of
its link components. Interpreting the tree code, every on-
tree router can easily determine next-hope link(s). Hence,
the processing overhead is reduced to decoding a small por-
tion of the multicast tree code rather than performing costly
unicast lookups. Moreover, the tree code is generally small
thanks to the basic assumption of explicit multicast about
the size of multicast group. Also, simulation experiments
for randomly generated networks and analysis of real multi-
cast trees show that the header size overhead of Linkcast is
comparable to both Bcast and Xcast.

In our first proposal for Linkcast [2], we introduced
two encoding schemes. The first scheme, i.e. SBM (Sparse
Branching Mode), is appropriate when there is a large num-
ber of relay links in the tree. The second one named DBM
(Dense Branching Mode) was suitable for a tree with high
average nodes degree. In this paper, we introduce a novel
encoding scheme to further reduce the header size overhead
of Linkcast. We analytically show that the code size of the
new method is less than both previous methods. We have
changed the multicast simulation method thoroughly to al-
low large-size network simulation. Also, we have evaluated
performance of Linkcast for actual multicast tree based on
real-data presented in [11] and [10].

In Section 2, we briefly review the related work. The
key components of Linkcast design are discussed in Section
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3. Section 4 presents simulation results and Section 5 con-
cludes the paper.

2. Related Work

Xcast [5],[6] was originally designed to overcome scala-
bility and deployment problems of the current IP multicast
routing protocols like PIM-SM [13] and DVMRP [18] for
supporting very large number of low to moderate size mul-
ticast groups. In Xcast, multicast sender simply encodes the
list of receiver IP addresses in a special header and sends
it with all data packets. Each router along the way parti-
tions the destinations’ addresses into different sets based on
their next hops. Then, for each set, it forwards a packet with
appropriate Xcast header, which contains all destinations in
that set. Therefore, the router should perform a unicast ta-
ble lookup for every destination in the Xcast header of the
packet. This processing overhead limits the number of sup-
portable receivers to a very small number (around 10 [15]).

Xcast+ [16] introduces a simple modification to Xcast
by combining it with the well-known IGMP (Internet Group
Management Protocol) [9] protocol. The original Xcast
does not define any mechanism for the receivers’ join model
for the sake of simplicity and generality. Hence, in Xcast,
two or more receivers in the same LAN are treated as sepa-
rate receivers. However, in Xcast+, they are represented by
a LAN Designated Router (DR). This is achieved by adding
the IGMP (Source, Group) join at receivers’ side and send-
ing join requests toward sender, and by encoding the address
of DRs instead of the receivers’ addresses in the Xcast+
header. Therefore, Xcast+ is more efficient than Xcast when
some receivers reside in the same LAN.

Explicit Route Multicast (ERM) [4] is another explicit
multicast scheme, which encodes the tree in terms of its fi-
nal destinations and branching routers in each multicast data
packet. Unlike Xcast in which destination nodes are end
system hosts, ERM uses designated router directly attached
to the receiver(s) as final destination. The information to
build the delivery tree is acquired by collecting trace mes-
sages from the receivers. Bcast [1] is proposed as a mod-
ification to ERM. It benefits from smaller tree code while
eliminating some noticeable design flaws of ERM. The main
difference between Bcast and ERM is the place where tree
encoding occurs. In Bcast, the sender host gathers tree in-
formation and generates the tree code(s). In contrast, ERM
employs nearest ERM capable router to encode the delivery
tree as well as sending multicast packet down the tree. Bcast
and ERM efficiently reduce the number of unicast lookups
that take place in Xcast and Xcast+ forwarding mechanism.
Therefore, they can support larger group sizes due to their
superior forwarding method.

Sender Initiated Multicast (SIM) [17] is another Xcast
like scheme, which reduces the Xcast forwarding cost. SIM
packets are forwarded between each SIM router pair in uni-
cast. Basically, SIM has two forwarding modes: list mode
and preset mode. In the list mode, the SIM sender always
attaches the receivers’ list to the packet. In the preset mode,
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which is the prevalent SIM mode, the SIM sender periodi-
cally attaches the receivers’ list to the packet. SIM capable
routers construct an MFT-like table to forward the packet in
the preset mode. This state maintenance is the main draw-
back of SIM, which severely limits its scalability.

Generalized Xcast (GXcast) [7] is basically intended
to avoid packet fragmentation in Xcast. To cope with large
set of receivers, GXcast regroups them into smaller sets and
sends an Xcast packet to each set. Clearly, this approach
is also applicable to other explicit multicast protocols with
minor modifications.

Simple Explicit Multicast (SEM) [8] uses the receivers’
list to construct the multicast distribution tree similar to
SIM. SEM packets are also forwarded according to the uni-
cast forwarding paradigm between SEM router pairs. The
main difference between SEM and SIM is the position of
SEM/SIM router pairs. An SEM router pair may consist
of a branching point of the tree, the sender or a receiver.
However, SIM router pairs can contain any on-tree router.
SEM suffers from scalability issues due to the permanent
state maintenance in branching routers of the multicast tree.

3. Linkcast

The main objective of the tree encoding method is to min-
imize the size of the generated code. Our new encoding
method, which hereafter is called DMC (Dual Mode Cod-
ing) categorizes on-tree links into three types:

Member link: Incoming link of a receiver node (or a node
that has a degree of 1 in the distribution tree). It is
worth noting that by the term “receiver” we mean des-
ignated router directly attached to the receiver host.
When end node of a member link receives a multicast
data packet, it must deliver the packet to its local re-
ceiver(s).

Relay link: Incoming link of a node that has a degree of 2
in the distribution tree. The end node of such a link re-
lays incoming multicast data packet onto the outgoing
link, which is the next link ID in the DMC code.

Branching link: Incoming link of a node that has a degree
of 3 or more in the distribution tree. The end of a
branching link should find multiple next-hop links de-
coding the DMC code and forward a modified copy of
the received packet on each link.

According to tree characteristic measurement in [11],
[14], when multicast receivers are distributed sparsely in
the network, the data delivery tree is likely to have a large
number of relay and member links. Also, there are some
multicast trees, such as binary trees, where branching links
are dominant. However, since the size of explicit multicast
groups are assumed to be small, we expect that sparse mul-
ticast trees be prevalent ones. DMC is designed and opti-
mized to act better in the sparse mode. Moreover, our ana-
lytical results indicate that DMC performs better than both
previous encoding methods i.e. DBM and SBM.
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3.1 Tree Encoding

DMC scheme assigns a link ID to each on-tree link accord-
ing to aforementioned link classification. The link ID con-
sists of two parts: 1- Global Part: the first n (n = 2 in DMC)
bits determine the type of link 2- Local Part: remaining
(8 —n) bits is a local ID which is assigned by on-tree routers
during the join process (see Sect.3.2.1). As described ear-
lier, outgoing link of a relay link is placed just after the relay
link in the tree code. Therefore, the end node of a relay link
just relays the received packet on the next link in the code.
If during decoding process, a router found that the next-hop
link is a member link, it disables Linkcast header to allow
normal delivery of the multicast packet by the member node
connected to the other end of the member link. The mem-
ber node will deliver multicast data packets to its local re-
ceiver(s) using IGMP protocol.

The most critical part of DMC scheme is coding of a
branching link. End node of a branching link must be able
to figure out the number of outgoing links and their IDs.
Suppose that the end node of a branching link has m outgo-
ing member links and n outgoing relay or branching links
such that m > 0, n > 0 and m + n > 2. For such a branching
link, DMC first lists all m member links followed by n — 1
pointers to the corresponding relay or branching links in the
code. Finally, it places the last non-member link. Doing
so, the end node will be able to determine outgoing links if
there is at least a relay or a branching link (panel a,b,c of
Fig. 1). In rare cases, if all outgoing links of the end node
are member links, DMC must put a dummy pointer just be-
fore the last member link. For example, if it only has m (by
definition m > 2) member links, Linkcast first places m — 1
member links followed by a pointer to the last member link.
(panel d of Fig. 1). However, our approach for encoding a
branching link implies that the link pointers must be distin-
guishable from the link IDs around them (see Sect. 3.1.2).

The tree code has a general pointer (P,), which always
points to the current link in the code. When a router re-
ceives a Linkcast packet, it examines the value of P,. Then,
it finds the next link(s) by interpreting the tree code. Finally,

Pointer
n-1

Member

Link link 1 link m 1 link

(a) When there exists at least a branching link or a relay link

‘ ID of Branching | Member Pointer| Last relay/branching

ID of Branching | Pointer Pointer | Last relay/branching
Link 1 m-1 link

(b) When all outgoing links are branching/relay links

Member

ID of Branching | Member
link m

Link link 1
(c) When there is only one branching/relay link

Relay/branching link

Member

ID of Branching | Member Member |Pointer|
link m

‘ Link link 1 link m-1 | (=1)
(d) When all outgoing links are member links

Fig.1 Different possibilities for encoding of outgoing links of a branch-
ing link.
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it modifies P, value accordingly and forwards the packet. If
P, points to a link pointer, then something wrong has hap-
pened. Therefore, the receiving node will discard the re-
ceived packet and inform the source about it. We can use
another method to discover the current link in the tree code.
In this method, the router removes the unnecessary part of
the tree code when forwarding Linkcast packet. So, when
a router receives a Linkcast packet, it finds the next link(s)
by interpreting the tree code from the beginning. It then re-
moves the unnecessary part of the tree code and forwards
the packet. This eliminates the need for storing P, value in
the tree code.

3.1.1 An Example

We explain the new encoding method through an example.
The example tree and its corresponding code are shown in
Fig.2. The number on each link is the link ID and is de-
termined as discussed in Sect. 3.2. Each link pointer is de-
noted by pi;, where j is the index of the link pointer in the
tree code. The incoming link of a relay node has only one
outgoing link. For example, the next link of b1 is c1. For ev-
ery branching node that has two or more non-member links,
Linkcast chooses one of its non-member links and contin-
ues the tree code from it. It then comes back to other non-
member links. For example, for link al (or equivalently
node b), we first encode b1 sub-branch completely and then
turn back to b2 case. Link c1 is a branching link that its out-
going links are all member links. Here, we placed a dummy
pointer of size 1 (pi,) between el and e2. If we assume B
(=8) bits is used to encode each link ID or pointer, the size
of the tree code in that example will be 19B.

3.1.2  Coding Details

We use 8 bits to represent link IDs or link pointers in the tree
code. For alink ID, the first two bits of the link ID determine
the type of the link. The remaining six bits determine the
value of the link ID. If the ID is of the form 110%***** then

DD @1
cs}m@m@jb | AOSZROZETIER

o . GO

(a) An example tree

[N T
[6]7]8]9][10[11]12][13]14][15[16[17[18]19]
|c1]e1]pi,|e2][b2]pi, d2][g1]j1 [d1]f1 |h1]h2[i1 |

N (b) The tree code

Fig.2  An example tree and the resulting tree code.
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Table 1
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Link types/pointer semantic in Linkcast.

First two or three bits Next six or five bits Description

Action

00: member link Link ID - Deliver the packet to local receiver(s)
01: relay link Link ID The next byte determines the ID of next link. Forward the packet on the next link.*
10: branching link Link ID Next bytes are member link(s) and/or pointer to | Forward the packet on the next links.*

non-member link(s) and/or a non-member link.

110: link pointer Pointer value -

Forward the packet on the pointed link.

First five bits of a link
ID or a pointer

111: extension

The next byte determines type of ID (link ID or
pointer) and remaining bits of ID.

The action is identified by next byte, which is
one of the above actions.

it is a pointer to another link ID in the code and the remain-
ing five bits determine the value of the pointer. Finally, value
111***** ipdicates that the ID is extended. In that case,
next byte in the code determines the type of ID. Therefore,
the link ID and the pointer can be as large as 2°*%and 27+
respectively. Table 1 summarizes this discussion. Here, we
have assumed that an on-tree node has received a Linkcast
packet and wants to discover the next steps based on the
value of the current link ID.

3.2 More Protocol Details
3.2.1 Gathering the Tree Information

The sender collects the tree information from the receivers’
Join messages. Each new member sends a Join message
toward the sender when it joins the multicast session. All
routers on the path examine the Join message and append
the incoming link ID, the outgoing link ID and their IP ad-
dresses to the message. Having the path information from
receivers to the source, the source can construct the reverse
shortest path tree. Our previous simulations in [2] showed
that using reverse path instead of direct path has negligible
impact on the size of the tree code.

The receivers must repeat their Join messages period-
ically in order to refresh their state in the sender. Thus, the
sender can repair the multicast distribution tree against tem-
porary route changes. If the sender misses three consecutive
Join messages from a receiver, it will remove the receiver
from the tree code. A receiver can also immediately de-
part the multicast session by sending a Leave message to the
sender.

3.2.2 Multi-Access Links

In a multi-access link, the broadcast nature of the link is
a source of ambiguity. Since the end node of the link is
not unique, it is not possible to determine the end node and
the next link(s) when decoding the tree code. To solve this
ambiguity, we decompose a multi-access link into n * (n —
1)/2 virtual links, where n is the number of routers on the
link. Each virtual link has a unique ID and virtually connects
two routers. All routers must know the ID of each virtual
link. Therefore, the routers must run a simple protocol to
agree on the ID of the virtual links. Figure 3 shows the
virtual links resulted from the decomposition process of a
multi-access link for router a.

Fig.3  Virtual links resulted from decomposition of multi-access link for
node a.

Table 2 Structure of Linkcast header.
1 3|4 819 15 | 16 31
VERSION NEXT_PROT SIZE POINTER

ENCODED_TREE

3.2.3 Linkcast Header

The Linkcast header is inserted between the IP header and
the transport layer header. In addition, the Protocol field
of the IP header must be set to a pre-known value namely
LINKAST_PROT. This allows routers to easily distinguish
Linkcast packets among others. The Linkcast header for
IPv4 is depicted in Table 2. It is composed of two parts:
a fixed part (first 4 octets) and a variable length part. The
NEXT_PROT field specifies the protocol of the subsequent
header (transport layer header). The SIZE field indicates the
length of the Linkcast header in 4-octet words. This field
forces an upper bound on the size of the Linkcast header,
which is 2% words (4-octets). The POINTER field points to
the current link ID in the code. The pointer was introduced
beforehand in Sect. 3.1 as P,. In addition, it is possible to
identify the current link (node) by removing unnecessary
parts of the code. If so, the value of POINTER field must
be NULL. The ENCODED_TREE field is filled as discussed
earlier.

3.3 Analysis
3.3.1 Code Size

The DMC code consists of all link IDs and some link point-
ers in which the number of link pointers is proportional
to the number of non-member children of all branching
nodes. Suppose that we use 1 byte for encoding every link
or pointer in the tree. Therefore, we can obtain the total
size of DMC tree code as follows. In these equations, Ny,
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Nk and Np are the number of member links, relay links and
branching links respectively. n; and m; are the number of
non-member links and member links of the branching node
i respectively:

Np
DMC = NM+NR+NB+Z Ffni=1) (1)
i=1
x ifx>0
f(x)z{ 1 ifx=-1 @

Furthermore, suppose that all branching nodes have at
least one non-member link (r; > 1 for all branching links).
We can rewrite Eq. (1) as:

Np
DMC = NM+NR+Zn,- 3)

i=1

We also analyzed the previous encoding methods as
proposed in [2]. In the SBM (Sparse Branching Mode), each
member link or relay link is determined by one byte. For a
branching link, the branching factor of the end node must
be stored in the tree code. In addition, SBM stores the ID of
the branching link and a pointer to every outgoing branch of
the branching link. Therefore, the SBM code size is:

Np
SBM = Ny+Ng+2Np+ ) (ni+m;) 4)
i=1

In the DBM (Dense Branching Mode), each non-
member link has a pointer, which points to the end node
of the link. Therefore, DBM stores two bytes for each non-
member link. In addition, DBM stores n — 1 pointers to the
non-member outgoing links of each branching node. The
tree code size of DBM is determined as follow:

Np
DBM = NM+2NR+2NB—1+Z(n,- —1)

i=1

Np
= NM+2NR+NB—1+ZI’ll‘ (5)

i=1

The result indicates that DMC always results in smaller
tree code size. As one can see, SBM is more efficient than
DBM when the number of relay nodes is higher than the
number of branching nodes.

3.3.2 Chuang-Sirbu Scaling Law

Chuang and Sirbu discovered that over a wide range of net-
works, multicast tree cost is dependent only on the number
of receivers [12]. They counted total number of links that
make up the multicast distribution tree (L,,). Then, they
defined the multicast cost as the ratio between L,, and the
average path length in the network (L,). The simulation re-
sults for both real and generated topologies showed that the
multicast tree cost obeys a power law. They provided the
following formula:
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Ln/L, = m™® (6)

Where, m is the number of multicast receivers. The
Chuang-Sirbu formula states that the cost of multicast tree
is more reasonable when the number of receivers increases.
The multicast cost is relatively high for primary receivers.
The multicast tree cost per member is sharply reduced as
the number of receivers increases. By definition, the tree
cost is the normalized number of links in the multicast dis-
tribution tree. Therefore, Chuang-Sirbu scaling law predicts
that the branch length is probably shorter for new receivers
as the number of receivers increases, i.e., the likelihood of
choosing average path length branches decreases for new re-
ceivers.

Since the size of Linkcast header is dependent on the
number of multicast links, Linkcast header size obeys the
same scaling law as the multicast tree cost. Therefore, the
Linkcast header size is more reasonable for larger groups. It
is worth noting that by word “larger group” here we mean
explicit multicast groups of sizes around 50. The tree branch
for new receivers probably consists of fewer links compared
to tree branches of previously joined members. Simulation
results also show that the Linkcast header size grows slowly
with group size. We can use Chuang-Sirbu scaling law to es-
timate the Linkcast header size for any group size. First, the
number of multicast links can easily be derived from Eq. (3)
as L, + m®8. Therefore, Linkcast header size (in Bytes) can
be estimated as:

L, +Cxm)?® (7

Where, C and my, are Linkcast coding overhead and the
number of receivers in largest source branch respectively.

3.4 Discussion
3.4.1 IPv6

In IPv6, the header size overhead of all explicit multicast
protocols except Linkcast increases due to the length of IPv6
addresses. Therefore, they must be fully re-examined in
case of the IPv6 extension. For those protocols, the header
size is multiplied by 4, which in turn limits the number of
supportable receivers. On the other hand, since Linkcast
uses link IDs to encode the multicast distribution tree, it nat-
urally has no problem with IPv6. This fact combined with
Chuang-Sirbu scaling law makes Linkcast a superior candi-
date for supporting larger groups.

3.4.2 Source Branching

Since the multicast sender generates the encoded tree, it is
possible to produce different codes for each sub-tree rooted
at the sender when the sender itself is a branching point.
This significantly reduces the size of the encoded tree. Bcast
has the same property as well. This allows them to support
larger number of receivers compared to Xcast+. It is worth
noting that Egs. (1) through (6) in Sect. 3.3 are applied to the
largest sub-tree rooted at the sender.
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3.4.3 Mapping Table

As stated earlier when a Linkcast-capable router process a
Join message, it attaches the incoming and outgoing link
IDs to the message. The assigned Link IDs are not the same
as physical addresses of the corresponding links. There-
fore, the router needs to maintain a mapping table, which
shows the correspondence between physical link addresses
and link IDs. Later when the router decides to forward a
received multicast packet on an outgoing link, it uses the
outgoing Link ID as a key to find the physical address of
the link in the mapping table. The mapping table contains
all physical link addresses and their corresponding link IDs.
The size of this table is orders of magnitude smaller than a
typical unicast forwarding table. Furthermore, the table is
identical for all multicast groups or trees that pass the router
and it is independent from the sender identity or the multi-
cast group address. The table could be filled by the router in
the start-up process.

3.4.4 Link Failure

The failure of an on-tree link partitions the tree and disturbs
the multicast service for a subset of receivers. In that case,
the Linkcast code is erroneous for all receivers behind the
failed link. Since each receiver repeats its Join message pe-
riodically, the failure effects will be eliminated at most after
one period for affected receivers. The router that is directly
attached to the failed link could detect the link failure more
quickly. When a router receives a multicast data packet, it
normally interprets Linkcast header to find the ID of the next
link. It can check the status of the next link before forward-
ing the packet. In case of a link failure, the router can re-
port the failure to the sender. After reception of failure re-
port, the sender excludes the affected receivers from the tree
code. Also, it could ask the excluded receivers to join the
tree again.

4. Performance Evaluation

To evaluate the effectiveness of the proposed mechanism,
we have compared the Linkcast header overhead with
Xcast+, ERM and Bcast. We chose Xcast+ for our com-
parisons since Xcast+ is slightly more efficient than Xcast.
We performed two sets of experiments, one for random net-
works and another for real trees obtained from Internet [10].
Although it is possible to calculate header size overhead di-
rectly looking at network topology, we have implemented
Linkcast, Xcast+, ERM and Bcast in “myns” [3] packet
level simulator to verify correctness of protocols massag-
ing, encoding and decoding. It also helps us to collect the
required information easily.

The network topologies used in our simulations are
generated based on Transit-Stub graph model, using GT-
ITM topology generator [19]. We fixed the network size at
10100 and performed simulations with various group sizes
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ranging from 5 to 50. The average node degree is fixed ap-
proximately at 3.5. Each point in each graph is resulted from
5 simulation runs for 10 different random topologies. This
creates 50 different simulation runs for each point. The iden-
tities of the group members, i.e. the sender and receivers, are
selected randomly in each simulation run. We chose a single
node randomly to act as a multicast sender. Then members
will join the multicast session of the sender at different ran-
dom times. Having path information of all receivers, the
sender encodes multicast tree using ERM, Bcast or Linkcast
encoding schemes.

In [11], many different-size real-trees is generated ex-
ecuting trace-route command from different receivers sites
toward a single and fixed sender. These real trees are avail-
able at [10]. We used the largest set, which has 1950 re-
ceivers. Then, we chose smaller subset of the receivers
and reconstructed the multicast tree and measured its per-
formance. We repeated the process for various group sizes
between 5 and 50. Also, for each group size, we repeated
the process 100 times. The identity of receivers is selected
randomly in each run.

4.1 Header Size Comparison

We experimented with two different encoding methods of
ERM as discussed in [5]. ERM-1 uses plain unicast tun-
nelling between ERM router pairs, while ERM-2 uses mini-
mal encapsulation within the IP header. For Xcast+, we also
presented the result for an artificial version of Xcast+ named
Xcast+-M. We augmented Xcast+ with route information
in order to enable Xcast+ to gain benefit from the source
branching possibility. Figure 4 shows the header size over-
head of the four methods in randomly generated graphs. As
can be seen, the header size for Xcast+-M is slightly better
than Xcast+ in our simulations. However, source branching
was fairly rare event both in the generated random networks
and real trees.

As expected, the header size increases with the group

—&— Xcast+
—>¢— ERM-2

——Xcast+M —A—ERM-1
—¥—Bcast —&—Linkcast

400

w
(=3
(=]

Header Size (B)
N
o
o
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5 10 15 20 25 30 35 40 45 50
Number of Receivers
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Fig.6  The number of required unicast lookups changing the group size
from 5 to 50.

size. Linkcast header size is larger than Xcast+ for all
groups sizes. Also, it is always smaller than ERM and Bcast
header sizes except for multicast groups of size 5 and 10.
The relative overhead of Linkcast to Xcast+ decreases when
the group size increases as predicted by Chuang-Sirbu scal-
ing law. The Linkcast relative overhead is 1.44 for groups
of size 5 and decreased toward 1.2 for groups of size 50.
Figure 5 shows the header size comparison for real trees.
As the figure suggests, the Linkcast header size overhead
is less than Bcast and ERM. Moreover, simulation results
almost fully conform to the real network experiments.

4.2 Processing Overhead

Figure 6 shows the comparison between the required unicast
lookups in Bcast (ERM) and Xcast+. In this figure, “Xcast+
Internet” and “Bcast Internet” stand for Xcast+ and Bcast+
simulation results in the Internet respectively (real trees).
The number of performed unicast lookups in the Internet
experiments is more due to the higher average path length.
As the figure suggests, Bcast (ERM) reduces the number of
required unicast lookups efficiently. It is worth noting that
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table lookups in explicit multicast methods are more expen-
sive than unicast ones, because the multicast engine issues
them to the unicast engine. Linkcast processing overhead is
the smallest among all methods and it does not require any
type of unicast table lookups in its forwarding plane. In-
stead, it looks up the next link ID in much smaller mapping
table as stated in last section.

5. Conclusion

Traditional IP multicast protocols can not efficiently sup-
port very large number of any size multicast groups mainly
due to their state-full design. Xcast is proposed to support
very large number of small size multicast groups (around 10
[15]). The main drawback of Xcast is presence of excessive
lookups in its multicast data forwarding. Trying to over-
come the lookups problem, ERM and Bcast support larger
group sizes than Xcast. Although Xcast, ERM and Bcast
benefit from stateless design, they have two main difficul-
ties to support moderate size multicast groups. First, their
header size grows rapidly. Second, they need more unicast
lookups in intermediate on-tree nodes when the number of
multicast members increase. Linkcast solves the header size
problem of ERM and Bcast without having to perform any
form of table lookup. We believe that Linkcast is more ap-
propriate than other explicit multicast protocols in support-
ing huge number of moderate to fairly large size multicast
groups (less than 50). Simulation result shows that Linkcast
header size is more reasonable when supporting larger mul-
ticast groups. As a main weakness, if some routers on
the path between a receiver and the sender do not support
Linkcast, the receiver could not be serviced by Linkcast.
However, the sender still can use the normal unicast delivery
scheme for such a receiver. The same is true for Xcast and
Xcast+. On the other hand, ERM and Bcast are gradually
deploy-able, i.e. they could establish the multicast service
even in the presence of ERM/Bcast unaware routers but with
possible performance degradation.
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