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Abstract— Wireless Mesh Networks (WMNs) have emerged as WMN is connected to the Internet, nodes are required to have
one of the new hot topics in wireless communications. They ne  a topologically correct and globally routable IP address, i
sist of a number of static wireless routers which form an acces one wants to avoid the use of network address translation

network for end users to IP-based services. Unlike traditioal - .
WLAN deployments, wireless mesh networks provide multihop (NAT). Needless to say that for the particular case of progd

routing, facilitating an easy and cost-effective deploymet. In this ~ multicast routing in those hybrid MANETSs, the implications
paper, we focus in the provision of efficient multicast routhg on  of address management are even stronger. The reason being

such wireless mesh networks, and its seamless interconniect that standardized multicast routing protocols used in fixed
to wired IP multicast services. The proposed architecture ad IP networks rely on the assumption of topologically correct

protocols allow for a ready deployment without changes on th P add For inst lticast ters| |
existing networking equipments in the fixed network or in end addresses. For instance, muilicast access routersiusua

user’s devices. Our simulations and empirical evaluation o a real pe_rform a process calle’PF-checlon every i_ncoming pa_lcket.
wireless mesh network demonstrate that the proposed appra@h  This process drops any packet which arrives at an interface

offers a good performance and its highly scalable. which that router would not use to reach the source of
the packet. Thus, address auto-configuration is one of the
key elements for a fully-integrated and seamless multicast
Multicast is a key technology for future wireless networksnterworking for WMNs connected to Internet.
It provides efficient communications among a group of nodes,Unfortunately, classical mechanisms for address auto-
and helps at reducing the bandwidth consumption of maggnfiguration in traditional IP networks are not feasible fo
applications and services such as service discovery, #ieo ad hoc networks because of their multi-hop nature. The
ferencing, distributed gaming, etc. This is specially appiate same happens with traditional multicast functions such as
in wireless environments where bandwidth is scarce and magwpup membership. Topological changes and the presence of
users are sharing the same wireless channels. In partibelar multiple gateways are key issues that need to be addressed.
WMNSs, multicast can represent a huge enhancement of thiee mechanism used for address auto-configuration should
network capacity by taking advantage of links which can hellow ad hoc nodes to discover routes towards the gateways.
shared by multiple users to receive the same data, whichTiserefore, address auto-configuration and gateway disgove
transmitted only once. mechanisms must interoperate with the routing protocatsl us
During the last few years, some work has been dométhin the WMN.
concerning the integration of mobile ad hoc networks and In this paper, we propose an integrated solution for efficien
the Internet. In such scenarios, commonly knownhgibrid multicast routing in WMNSs. The proposed scheme consists
ad hoc networks, one or multiple nodes are attached to thiean efficient tree construction scheme which manages to
Internet and act as Internet gateways for the other nodéweof teduce data overhead compared to traditional ad hoc routing
MANET. Wireless mesh networks follow a similar principleprotocols. To do that, it takes fully advantage of the braatic
of operation, but unlike MANETS, the core of the network isature of the wireless medium. We also extend that routing
assumed to be static. End-users are free to move and chamgrocol with group membership functionalities compatibl
their point of attachment to the mesh network at any timeuith those currently used in the Internet, allowing for teady
Thus, most of the schemes for hybrid MANETSs can also lieployment of the solution in existing networks with cutren
used for WMNSs. Unlike most of the previous works on hybrigquipments. In addition, we also use an auto-configuration
MANETSs in the literature, we focus on the particular issugsrotocol which provides nodes with topologically correkt |
associated to integrated multicast scenarios. addresses and reduces network overhead by the ugeefif
Being connected to the Internet has strong implicatiom®ntinuity That is, all wireless routers using the same Internet
on the addressing scheme of a WMN. In private WMNgateway are configured with addresses on the same prefix. Our
without Internet connectivity the addressing scheme can fienulation and empirical results in a real testbed showttieat
flat in the sense that all nodes do not necessarily needpimposed scheme is able to offer a good performance, while
belong to the same logical IP subnet. However, when theing fully compatible with standardized multicast salag

|. INTRODUCTION AND MOTIVATION



for fixed networks. several network prefixes are advertised by different access
The remainder of the paper is organized as follows: Sewuters.

tion Il presents some of the related work on address auto-A broader discussion and analysis of existing solutions and

configuration and multicast routing in ad hoc networks. Setheir trade-offs can be found in [4]-[6]. However, most of

tion 1l describes the concept of prefix continuity and théhese solutions do not guarantee that addresses are always

proposed multicast routing protocol, which are the centridpologically correct.

elements of our proposal. In section IV we explain how these . "

protocols are integrated to provide the full solution. ey B Multicast within the WMN

gives some simulations results to evaluate multicast mguti 1P multicast protocols used in the Internet (i.e. MLD [7] for

based on prefix continuity. Section VI shows the performaneaulticast group membership and PIM-SM [8] for IP multicast

of the protocols in a real testbed. Finally, section VIl goms routing) can not be used within ad hoc networks due to

some conclusions and final comments. the high overhead that they require to react to continuous
topological changes. Even for WMNs, which are static, these
Il. RELATED WORK protocols are not able to take advantage of the broadcasenat

We analyze relevant literature on the two main componeribthe wireless channel (i.e. a single transmission can bd us
of our solution: the creation of default multicast routesdods to reach all children in the multicast tree). Hence, thewjgl®
the Internet based on an auto-configuration solution, aed tsub-optimal solutions, and are not quite well-preparedeal d

routing scheme within the WMN. with mobility of end hosts.
) ) Special routing mechanisms have been engineered to
A. Address auto-configuration achieve efficient multicasting support in ad hoc networks.

The applicability of IPv6 auto-configuration mechanismMany of them have been defined as an extension of unicast ad
to ad hoc networking has been investigated in some papérsc routing protocols, but most of them have been specially
The adoption of the IPv6 Stateless Address Autoconfiguratidesigned for multicast.

(SAA) and the corresponding Neighbour Discovery Protocol In the first group, we can find an extension to the unicast
(NDP) is proposed in [1]. However, these mechanisms wefg Hoc On-Demand Distance Vector (AODV) proposed under
designed to work on a shared broadcast link, and the changes name of MAODV [9]. The implementation of a gateway
required to make it work over multihop wireless networks dbetween MAODV as the ad hoc routing protocol and MOSPF
not preserve their original simplicity and efficiency. Thuge [11] as the infrastructure routing protocol is describediliay.
believe that the use of such techniques should be avoided Ttrey limit the implementation to these protocols and they
wireless multihop networks. propose to design similar solutions for other protocols. In

Among the mechanisms specially designed to provide laddition, it requires modifications in both MAODV and OSPF
ternet connectivity to ad hoc networks, we can distinguishmplementations running in the gateway. The MOLSR [12]
the method proposed by Wakikawea al. [2]. They proposed protocol presents a multicast extension for the OLSR padtoc
a stateless auto-configuration mechanism based on netwBl®LSR introduces a Wireless Internet Group Management
prefixes advertised by gateways. Ad hoc nodes concatenatetocol (WIGMP) which offers the possibility for OLSR
an interface identifier to one of those prefixes in order twodes (without multicast capabilities) to participate inltia
generate a unique IPv6 address. Wakikawa defines two gatast communications. One inconvenient of this protocdiad t
way discovery mechanisms: a reactive and a proactive oiterequires the OLSR unicast routing protocol. In additidn,
The reactive version utilizes solicitation and advertisain does not incorporate any mechanism for interconnectinigeo t
signaling between the ad hoc node and the gateway. Tinernet.
proactive approach is based on the periodic flooding of gate-Examples of multicast ad hoc routing protocols in the
way advertisement to all the nodes in the MANET. They alsgecond group are CAMP [13], ODMRP [14] and ADMR [15].
perform aDuplicate Address Detectio(DAD) process that None of these protocols provide any means to interoperate
does not work when network partitions and merges occwith the protocols used in fixed IP networks and they do not
Additionally, this scheme shortly introduces the notion ofupport the attachment of standard IP multicast nodes to the
gateway selection, but it does not give details about how trad hoc network.
would be achieved. Singét al. [3] introduced a new scenario The first multicast routing solution for ad hoc networks
where gateways are mobile nodes which are one hop awapporting an efficient interworking with fixed IP networks
from a wireless access router. Nodes employ a hybrid gatewags introduced by Ruiz et. al [16]. It uses a multicast mesh
discovery scheme, since they can request gateway infay¥matio route packets within the MANET while supporting high
or receive it proactively. The first node which becomes mobility rates. In addition, it uses standard group mentiprs
gateway is known as thaéefault gatewayand it is responsible mechanisms so that ad hoc nodes can interact both with
for the periodic flooding of gateway messages. Remainitgaditional wired IP multicast routing protocols as well as
gateways are calledandidate gatewayand they only send standard IP multicast hosts. However, when the network is
gateway information when they receive a request messagmtic, there is no need to use a mesh, and data overhead can
Nevertheless, this scheme does not manage the situatioe whee reduced by using a cost-efficient multicast tree.



Our solution preserves MMARP’s interoperability procetopologically correct. So thaRPF checksare successful at
dures, while using a new enhanced low data-overhead matcess routers. To address this lack, we use a mechanism in-
ticast tree construction much better suited for wirelesshmetroduced by Jelgeet al. [17] calledprefix continuity In short,
networks. prefix continuity feature ensures that there exists, batwee
node N and its gateway G, a path of nodes such that each
node on this path uses the same prefix P and gateway G than

Typical wireless mesh network deployments use one @fe node N. We detail this mechanism within the next section.
multiple gateways to provide Internet connectivity to mebi Group membership messages use a maximum TTL of one
end hosts. This means that maintaining interoperabilih winop Thus, they need to be handled so that standard multicast
protocols used in the Internet is a must, as long as it is NQést situated many hops away from access routers can still
feasible in the short term to change the Internet architectyye gple to join multicast sessions. The option of flooding
to support this kind of access networks. However, being/fulbroup membership queries and replies over multiple hops is
interoperable while efficiently supporting multicast frafis ot really effective as it requires a lot of control overhe@dr
very challenging, and requires new protocols and mechanisgy|ytion is based on the idea introduced by Ruiz [16], by Whic
within the WMN. In this section we describe and analyze tho$gesh nodes interact with standard IP nodes and multicast

IIl. REQUIREMENTS AND TECHNICAL ISSUES

technical challenges in detail. _ _ routers using those standard MLD or IGMP messages, but
In particular, we start by defining the technical requireteen;se their multicast routing messages based on the mempershi
that should be expected from any suitable solution. information obtained.

« Globally routable and unique addresses. Internet gate-Another important aspect to consider, is that existingaintr
ways must provide globally routable prefixes, and ad heghd inter-domain (e.g. PIM-SM) multicast routing protacol
nodes must ensure address uniqueness. Address unigeguire knowing the address of multicast sources. In wired
ness is key to guarantee the correct operation of routifgtworks, the access router is always one hop away from
protocols. Global routability is required for multicastsources, thus it receives multicast messages and can notify
routers in the Internet to be able to create multicagking routing messages about that IP address. That means
routes towards multicast sources in the MANET. Fohat in the wireless mesh network, we must guarantee that
instance, the most common routing protocol (PIM-SMhe multicast router which is best for this source joins the
uses unicast routes to join multicast receivers back to thfulticast group. Hence, the efficiency of the created mastic
source. path between the gateway and sources in the mesh is of utmost

« Interoperability with the Internet. The proposed mechmportance. That is the reason why we use prefix continuity

anisms should interoperate with the protocols used ihd evaluate the properties of trees based on prefix cottinui
Internet. This requirement is twofold: routers in the fixegyithin the next sections.

network should be able to continue using the same
routing protocols, and they should be able to continue IV. PROPOSED SOLUTION
using the same group membership protocol. Moreover,\We describe in this section the different components of
the proposed solution should be effective regardless @fir proposed solution. Firstly, we will describe the gatgewa
the standardized multicast routing protocol being used éiscovery scheme based on prefix continuity and how default
the Internet. multicast routes towards gateways are created. Then, we wil
- Effective multicast routing within the ad hoc fringe.explain in detail how is interoperability achieved. Firyalte
Internal ad hoc routing mechanism should be efficienfill describe how the multicast routing within the mesh wark
scalable, robust and with low signaling overhead. That is,
the wireless part of the network has a lower amount &f. Internet gateway discovery
resources compared to high-bandwidth wireline networks. There might be cases where multicast delivery structures
Thus, the routing protocol deployed within the wirelesshould be formed by nodes using the same network prefix than
mesh must be really efficient in terms of low controtheir gateway and different from nodes using other gateways
overhead, and high bandwidth efficiency. For example, a network or service provider could restriet th
» Resilience. The proposed scheme should be fully digccess to multicast streaming to nodes that have registered
tributed and must provide resilience to bandwidth changgsnd possibly paid a fee) with its gateway.
of the wireless links. In addition, several gateways should To support those scenarios we can use the approach intro-
be supported to eliminate single points of failure. Hencguced by Jelgeet al.[17], which defined the concept pfefix
the addressing scheme should be able to support multitsntinuityin a MANET. When prefix continuity is preserved,
gateways while guaranteeing ttRIPF Checkperformed there is a guarantee that there exists a path of nodes between
by access routers are still valid. a node N and its gateway G such that each node on this path
Supporting those requirements means that some technigsés the same prefix P and gateway G than the node N. In
challenges need to be faced in order to offer an smoqthactice, in a network with multiple gateways and multiple
interoperation with multicast protocols in the fixed netkor prefixes, this concept results in the proactive creation of a
First of all, addresses assigned to mobile nodes need tofbeest of logical spanning trees where each tree is formed by



nodes using the same gateway/prefix pair. This is illusirate Multicast via wired network
by Fig. 1 which shows a hybrid ad hoc network with (a) and
without (b) prefix continuity. There are 3 gateways, and eact
color corresponds to a given network prefix. Moreover, eact
logical tree is oriented (or directed) from the gateway te th
leaf nodes, as shown in Fig. 1a with arrows. Also note tha
while each sub-network is actually created as a logical, tree
the physical topology of a sub-network can be of any kind
(e.g. a mesh) and routing inside the wireless network does ni
necessarily follow the tree structure. A detailed desimipof

M

the protocol used to achieve prefix continuity can be found ir ® root e
[17] . @ mesh ()
M group member
D D D Fig. 2. Multicast tree based (a) and not based (b) on prefitiragty
e J @ O
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Qo O or a mesh structure is built. The difference lies in the numbe
o O O ] (] O of edges.
® ) The advantages of multicast routing based on prefix conti-
® e nuity is that management and control operations can easily b
. | . O implemented in the gateways. For example, it is easily piessi

to control which groups can be accessed via a given gateway.

Moreover, the transit of multicast data between two sub-

networks via a third (or more) sub-network is forbidden.sThi

restriction allows saving resources (e.g. bandwidth, gner

. in ad hoc nodes and it also ensures that any filtering done
W? present some _mechamsms that can be_used tob the gateway cannot be bypassed. Finally, in Section V we

multicast structures (i.e. trees or meshes) which are ba% 90 show via multiple simulations that the charactersstit

on prefix _contmwty. That is, when there_are mu_It|pIe SUbr'nulticast trees based on the concept of prefix continuity are
networks in an ad hoc network, each multicast delivery stru\gery similar from those of shortest-path trees

ture is formed by nodes which all share an identical prefix.
Communication between trees using different prefixes isedog
via the gateways. One must note that the purpose of our
proposal is toadd members to the tree, i.e. we only focus Fig. 3 shows the interaction of the protocol in two scenarios
on how the multicast structure is built. Once nodes are addetien a source is in the ad hoc fringe and the receiver in the
to this structure, one can arbitrarily decide to create @ tne Internet and the opposite case. The Gateway is a standard
a mesh by simply choosing if forwarding is restricted or notulticast-enabled router running PIM-SM. Wireless mesh
Moreover, for simplicity and in the rest of this paper, welwilnodes are wireless routers running our bandwidth efficient
use the terntree to refer to themulticast structureOne must multicast path creation scheme and the IP nodes are standard
however remind that thiso-called treecould also become a Internet hosts. One of the IP nodes is in the wired network
mesh if there is no restriction on multicast data forwarding and the other one is connected to the wireless mesh.

An example of a multicast tree based (a) or not based (b) oriThe interoperation with gateways is performed by wire-
prefix continuity is shown on Fig. 2. This example represantdess mesh nodes which have direct connectivity to access
shared tree or a source-rooted tree, i.e. the root is eithrees routers. We call them MIGs (Multicast Internet Gateways).
sort of central point or the source of the group. The reception of an MLD Query or IGMP Query message

Note that in the two cases prefix continuity is used to cocan be used by those nodes to detect that they must act as
figure the nodes addresses. In the first case, prefix continuIGs. If that is the case, they must send IGMP or MLD
is also used to restrict the construction of the multicaese.tr reports to the access router, to inform about which multicas
That is, a branch cannot be built between a node and the rgodups have interested receivers within the mesh. MIGs know
if they do not share the same prefix. Therefore some brancligis information because receivers within the mesh willdsen
are built towards the gateways, and communication betwel&MP or MLD reports to their selected wireless mesh node,
the gateways is done via the multicast routing protocol ihatwhich will in turn create a multicast path towards the gatewa
used in the wired network. In the second case, a shortelst-pftllowing its best path towards the gateway based on prefix
tree is built between all group members and the root of tleentinuity. Of course, those paths are created in advance by
tree. Note that the tree members are the same whether a theeperiodic gateway advertisements explained before knd a

(a) (b)

Fig. 1. Ad hoc network with (a) and without (b) prefix contityui

Detailed interworking with access routers
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Fig. 3. Interworking with fixed network

wireless mesh nodes know their parent in the prefix continuito the computation of the MST on the metric closure. In fact,
tree. we achieve the same effect, which is that each root of the
The MIG is also responsible for joining all the multicassubtrees, will add to the Steiner tree the path from itself to
groups with active senders within the wireless mesh and ttee source-root, or the nearest root of a subtree. The way in
forward all the multicast traffic towards the gateway so thathich the algorithm is executed from the source-root to the
it can detect that sources and execute the IP multicastigutbther nodes guarantees that the obtained tree is connected.
specific functions. This mechanism allows MMARP’s solution
to work with any IP multicast routing protocol in the fixedAlgorithm 1 Distributed approximation of MST heuristic

network. 1: if thisnode.id = source — root then
2:  Send MCASTRREQ with MCASTRREQ.hopcount=0
C. Multicast routing within the WMN 3 end if

To perform efficient multicast routing within the wireless 4: if rcvd non duplicate MCASIRREQ with better hopcount
mesh network, we use an epidemic algorithm which is able to then
approximate multicast trees in which data overhead is nahim 5:  prevhop— MCAST_RREQ.sender
This scheme builds upon the work published by Ruiz [18],6: MCAST_RREP.nexthop— prevhop
but rather than creating multicast spiders, it just focus o: MCAST_RREQ.sender— thisnode.id
the approximation of the minimal data-overhead paths. Th&: if thisnode.isroot then

reason is that given that end host will be connected to thei?: send(MCASTRREP)
selected wireless mesh node, that automatically guaramage 10: MCAST_RREQ.hopcount- 0
they form an optimal spider. 11:  else

To build a Steiner tree among the roots of the subtrees, th& MCAST_RREQ.hopcount++;
previous protocol used the MST heuristic. However, this is &8:  end if
centralized heuristic consisting of two different phasésstly, 14 Send(MCASTRREQ)
the algorithm builds the metric closure on the whole grapd, a 15 end if
then, a minimum spanning tree (MST) is computed on the met6: if received MCASTRREPand MCAST_RREP.nexthop =
ric closure. Finally, each edge in the MST is substitutedHey t ~ thisnode.id then
shortest path tree between the to nodes connected by that edd:  Activate ME.FLAG
Unfortunately, the metric closure of a graph is hard to birild 18 MCAST_RREP.nexthop— prevhop
a distributed way. However, we can approximate such an MStp:  Send(MCASTRREP)
heuristic with the simple, yet powerful, algorithm presshin  20: end if
the algorithm below. The source, or the root of the subtree in
which the source is (called source-root) will start floodeng The support of standard IP nodes is performed allowing
route request message (MCARREQ). Intermediate nodes,mesh nodes in the neighbourhood of a standard IP node to
when propagating that message will increase the hop coumthave as a multicast source in the wireless mesh. To support
When the MCASTRREQ is received by a root of a subtreestandard-IP receivers, the selected wireless mesh nodesof t
it sends a route reply (MCASRREP) back through the pathreceiver takes care of sending an MCASREP message
which reported the lowest hop count. Those nodes in that pathvards the source.
are selected as multicast forwarders (MF). In addition oh ob Within the next sections we evaluate the performance of
a subtree, when propagating the MCABREQ will reset the the proposed schemes using both simulations and empirical
hop count field. This is what makes the process very similareasurements.




V. SIMULATION ANALYSIS can reasonably assume that routers invilired networkhave

. ' o access to much more bandwidth and processing power.
In order to evaluate the impact of prefix continuity on mul- P gp

ticast trees, we have compared the topological charaiitsris 0
of such trees with shortest-path trees (which are not based UNE - Shorestpanvees
on prefix continuity). We used the NS-2 simulator with the 7 [SQUARE- Shorestpaih ees
IEEE 802.11 protocol in ad hoc mode. We have simulated the
construction of multicast trees with 5 to 50 group members, ¢
with different ad hoc topologies of 125 nodes. We have madeg e = ]
sure to obtain representative results, i.e. the resultsepted il
in this section have a very low confidence interval for a very
high confidence level (i.e. 95% of the data is comprised withi
+5% of the associated average value).

Moreover we have considered two differefitames for g
the topologies. The first frame is a square topology with 4 o} .
gateways located at the corners of the square. The second

T T T T T
LINE - Based on Prefix Continuity —a—

60 ot ol B

40 el 4

30 2 e i

Number of tree meml

frame is a rectangle of size 100@000 n¥, with 100 mobile 5 I
nodes with a 250 meters radio range. The area (4)kis ’
the same than with the square topology so that node density Fig. 4. Average size of multicast trees

is comparable. Also, there are again 4 gateways, which are
located at the center of the 4 squares of size *AO nf First, one can note that the maximum difference between

that.form the rectgr]gle. Ea_ch gateway announces a d'ﬁergﬂbrtest-path trees and trees based on prefix continuity is
prefix. In the remaining of this paper, we will refer to these t roughly equal to 8 nodes. This is very interesting, as trees

archltectures_ with _the terms SQUARE and LINE. These M0ased on prefix continuity do not involve more members in the
network conﬂguraﬂqns (?OUId for example representlallgaje h d hoc network. Moreover, with the LINE configuration, these
or a long corridor with fixed gateways (e.g. an exhibitionhal. . .< involve less ad hoc nodes when compared to shortest-

'?] which visitors arcl-:‘ ,eq“'pF_’jd with a personal digital d88i6 a4 trees and withv < 40. We have also found that the four
that receives a multicast video stream). curves can be modeled by a power-law given as

A. Average size of multicast trees

T = aNF (2)
We _have first focused on thg average size of the muIt|castwhiCh has the same form than the Chuang-Sirbu power-law
trees, i.e. the number of nodes in a tree. It is well accetat t

the size of multicast trees in the Internet follows a povesy-| given by (1). Actually, we have derived the valuescofand

which was first discovered by Chiang and Sirbu in [19]. Thi]§ t_haLLb((.es(: i':];hsiﬁgt ?g::qez% %nedCV\r/]e ahnav_es_ratljso gerekﬁf; )
power-law is given as a = Ly (€. ! uang-Sirbu power-law).

These values are given in Table I.

Ly, = L N* 1)

Exact values || With o = Lo,

where L,, is the number of links (or nodes-1) in the

. —_— ) . « k Ly, k
multicast tree,L,, is the average unicast path-length in the [TINE-Prefix contnuity 4.2 0.72 || 6.26 | 0.61
considered topology, and¥ is the size of the multicast group LINE - Shortestf-path 74 057 || 626 | 0.62
; ; . SQUARE - Prefix cont. 79 | 059 || 541 | 0.69
in terms of routers with group members. The valuis known SQUARE - Shortest-path || 72 | 059 || 541 | 0.67

as the multicast scaling factok € [0, 1]). In [19], this value
is found to be constant and equal to 0.8 across a wide range of
topologies and group members. In other studies such as [20], TABLE |
the value ofk is found to be closer to 0.7 (but with more
recent Internet topologies when compared to [19]). Moreove
another study [21] has shown thatis not a constant but that
it rather slowly increases from 0.71 to 1 wiffi (with values It can be seen that the values bfwhen a = L, are
of N of 1,000 and more). very close between the two types of trees for each network
Fig. V-A shows the average siZé of multicast trees with configuration (LINE and SQUARE). Actually these equations
respect to the number of group membeéys(i.e. receivers are not the best fit but surprisingly the valugiadoes not seem
and/or sources). Note that we only consider ad hoc nodéspe strongly influenced by the method used to build the mul-
when trees based on prefix continuity also involve routemnfr ticast trees. One explanation could be that the Chuang+Sirb
the wired part of the network. We indeed only consider ddw seems to be more accurate with large multicast groups
hoc nodes because they are limited in resources, while aed topologies. Maybe with larger groups and topologies the

POWER-LAW PARAMETERS



UNE-Sortestpan foes | —= ‘ ‘ ‘ ‘ C. Average noise caused by multicast trees
SQUARée- Iélfgr’:ég:—”;%th trees ——
7 -SQUARE - Prefix continuity — —

In many studies on the shape and the efficiency of multicast
trees, some attention is given to the node-degree For
each node that is part of a multicast tree, the tree-degree
of a node is defined as the number of the node’s neighbors
that are also members of the same multicast tree. From a
practical aspect with wired networks, the tree-degree se al
related to the number of packet duplication done by a tree

Average depth in tree

2L i member : a node must forward a copy of a multicast packet
to all of its neighbors in the tree (excepting the node from
tr ] which the data is received). This is usually because links

between routers in wired networks are point-to-point links
In contrast, in ad hoc networks communication is done via
a broadcast medium (for a given interface). Therefore a node
Fig. 5. Average depth of multicast trees that is a member of a multicast tree only needs to re-broadcas
a multicast packet once in order to reach all its tree-neaghb
(strictly speaking this is only valid for each network irftere).
equations following the Chuang-Sirbu power-law would be thThis advantage (i.e. only on packet forwarding) is also a
best fit. Also one can note thatis comprised beetween 0.61disadvantage: all the neighbors which are not members of
and 0.69, i.e. slightly smaller values than what was four@i multicast tree will also be affected by the forwarding of
in studies with (relatively) large Internet-like topolegi This multicast data. The forwarding of multicast data can indeed
could validate the fact that varies with the size of multicast prevent non-tree members from accessing the shared medium

5 10 15 20 25 30 35 40 45 50
Group members (N)

groups and network topologies [21]. (assuming that they have neighbors which are members of
one or multiple multicast trees). We define this effect as the
B. Average depth of multicast trees noise of a multicast tree. We believe that this indicator is

The second indicator that we used to compare the tre&dy importantin ad hoc networks, mainly because multicast
is the average depth of tree members. Of particular interég@Mmmunications with high data rates can strongly affect the
it indicates the distance at which tree members are locafégoughput of some nodes.
from the root of a tree. If the depth is high, a lot of packet We have therefore measured the average noise of a multicast
forwarding is necessary to reach the group members. THige by counting, for each member of a multicast tree, the
increases the packet delivery delay and the overall enefgjymber of neighbors (of each tree member) that were not part
required to reach group members. This data is shown in Fig. ® the multicast tree. This is presented in Fig. V-C.

B. It can be seen on Fig. V-C that the noise is very similar

With the SQUARE network configuration, the average deptretween shortest-path trees and trees based on prefix wontin
is higher with trees based on prefix continuity while it idty (for each network configuration). In all cases, the agera
smaller with the LINE configuration. This is consistent witthoise decreases when the size of the group increases, mainly
the nature of the configurations. The average unicast paktlecause more nodes are added to the tree. The main conclusion
length (i.e.L,) is indeed longer with LINE topologies than
with SQUARE topologies (see Table | for details). Therefore
shortest-path trees are deeper with the LINE configuration. ° ‘ ‘ ‘ ‘ ‘ LINE _ Shotes path rees —=—
opposition, trees based on prefix continuity are deeper with sf=._ b et
the SQUARE configuration. This is mainly due to the fact
that gateways are placed at the corner of the simulated area,
and thus at (in average) longer distances from mobile nodes
when compared to the LINE configuration.

A more pertinent conclusion is that the placement of
gateways strongly affects this indicator for multicastetre
based on prefix continuity. However, one can always find§
positions for gateways in order to minimize the averageflept ! ]
of multicast trees, whatever group members and tree size.
It is also interesting to node that the average depth is not
strongly influenced by the number of group members. The o ‘ ‘ e ——
average depth of multicast trees is indeed rather influenced Group members (N)
by topological issues, i.e. it merely depends on the spatial
distribution of nodes.

ge noise (by tree m!

Fig. 6. Average noise caused by multicast trees
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is that the negative impact of multicast trees (in terms of
access probability to the transmission medium) is similéin w
shortest-path trees and trees based on prefix continuity.

70 |

D. Forwarding states concentration

than S forwarding states

60

In this part we have studied the concentration of forwarding
states in the nodes of the ad hoc network. When there ar¢
multiple multicast groups, some nodes may indeed have a IoE «
of forwarding states, i.e. one forwarding state for eachugro “ Wl
they belong to. There are a number of negative consequences
when an ad hoc node has a lot of multicast forwarding states§
First, such a node will have to forward a lot of multicast ¢
packets : this consumes a lot of energy and bandwidth. Second  °; T e o Cooeestocsciliistbesastesien
such a node will be veryoisy, and may strongly reduce the Number of forwarding states (S)
bandwidth available for its neighbors. Third, the failurgé o Fig. 8.
such a node can seriously interrupt the data forwarding of
many multicast groups.

In our simulations, we have studied the concentration of ) )
forwarding state with up to 50 multicast groups. The set of Oneé should actually remind that the Chuang-Sirbu power-

members for each group has been randomly and uniforni@V Says that we can derive the number of members of a
chosen among the nodes of the ad hoc network. The sizelgflticast tree if the size of the multicast group is known.
each multicast group is 50 (large groups with respect to tf4!ilding from previous studies [19]-{21] and from Section
total number of nodes in the network). We used large groufg™ We can say that one can always derive: gparameter

on purpose in order to exacerbate the effect of forwardirlg ©rder to fit the power-law to a given network topology.
states concentration. Fig. V-D and V-D present some of theSgerefore, itis always possible to know how many forwarding
results for 5, 25 and 50 concurrent multicast grou@} ith states will beapplied to the network. The number of _tree
shortest-path trees (SP) and trees based on prefix cogtinfff€mpPer and the number of forwarding states are indeed
(PC). Results are presented in the form of survival funetiorfauivalenti.e. when a node is added to a multicast tree one
i.e. it gives the percentage of nodes that have more thafo§varding state is added in the network. As a result(if
forwarding states. multicast groups of sizéV are considered, there will always

— nrk . .
A first conclusion is that results are (globally) quite cIosBe L N forwgrdlng sta-tes-tdne appliedto the network.

between shortest-path trees and trees based on prefix conti."€ Main difference lies in the way these forwarding states

nuity. There is however a slight difference fof — 25 and re distributed in the network. With trees based on prefix

G = 50 when S < 15. It mainly means that there are |esé:ontinu_ity, each gateway and its neighk_Jors will have a large
nodes with few forwarding states with trees based on preffkoPortion of forwarding states. This is because a branch
continuity when compared to shortest-path trees. Witk 25, between a group member and a root which use different

the configuration of the network (i.e. LINE or SQUARE) haPrefixes will always be routed via the node’s gateway and the
a clear influence on the results. root’s gateway. On the other hand with shortest-path tri¢es,

can be seen on Figures 12 and 13 that there are also nodes that
have a large proportion of forwarding states. One explanati

50

20

10

Forwarding states concentration with a SQUARE caméition

10 ‘ ‘ ‘ ‘ ‘ ‘ TV e — is that these nodes aee the centerf the topology, i.e. they
%0¢ HNE- 5" 6728 —o— | have a high probability to be on a unicast path between any
HiNE-PC-G280 | two nodes. They are therefore in most of the multicast trees,

regardless of the group members.

. VI. PERFORMANCEEVALUATION

1 We have set up an indoor 802.11b multicast wired-to-

1 wireless ad hoc network testbed to evaluate the performaince
our seamless IP multicast approach for wireless mesh access
networks. Our target is to evaluate the benefit of ugiregfix
continuityin a real scenario in terms of packet delivery ratio
and control overhead.

Percentage of nodes that have more than S forwarding states

it =5 =5 W= 3 -

0 I I I I I
0 5 10 15 20 25 30 35 40 45 50

Number of forwarding states (S) A TeStbed deSCI'Iptlon

The testbed consists of twelve PCs running Mandrake

Fig. 7. Forwarding states concentration with a LINE confégion i i .
Linux 10.0 with kernel 2.6.3-7. Ten of these PCs are acting



as wireless mesh nodes, and the other two are acti
gateways between the wired and wireless networks. Gat
can establish a multicast communication through the \
network using the PIM-SM multicast routing protocol.
Wireless cards are Lucent-compatible PCMCIA 802
Wireless LAN operating in ad hoc mode at the maxir
capacity of 2 Mb/s. We previously checked that the wire
channel used was not occupied by any other equipment

B. Description of the experiments

The goal of the experiment is to assess the effectiven
the prefix continuity approach in a multicast communica
The topology used is shown in Fig. 9. When prefix contir
approach is used, the MANET is split into two areas, he
the same gateway/prefix pair in each area. Multicast s
and receivers have different prefixes and consequentl
communication is performed via the wired network. The w
part of the network is running the PIM-SM multicast rou oot |
protocol to create the multicast path between the gate
Without prefix continuity, the communication is perforr
always inside the MANET.

The multicast source is placed in the middle of on
these areas in all the experiments; three hops away
gateway, and the same distance to nodes with different |

0.8 ~

0.7 —

Packet delivery ratio

Meanwhile, the position of the receiver oscillate in ¢ os | 1
experiment. It is important to understand that the bestlt®su Prefix-continuity (100 Kpbs) ——
k . . . . . ; No Prefix-continuity (100 Kbps) --1l--
with prefix continuity are obtained when the receiver is pthc s ‘ ‘  NoPiehcoominuty (oo Kby @
near to its gateway (seven hops far to the sender), becagise th s 4 5 6 7

Distance between source and receiver (hops)

communication is performed via wired network, but without Fig. 10. Packet delivery ratio

prefix continuity the best behavior is obtained when the
receiver is located near to the sender (three hops away),
because they communicate through the MANET.

We use a constant bit rate traffic generator application técreasing distances degrades too much slower than without
measure the packet delivery ratio and the normalized oaetheprefix continuity. The reason is that the overall load on the
This application generates UDP packets with a payload @¢twork is much lower, as well as the fact that the number of
1144 bytes (i.e. 1.200 bytes including the IPv6 and UDWireless (eventually prone to errors) links traversed dsioed.
headers). We have performed several measures at increasirltjis very interesting to observe the trial with the receiver
distances (3 hops, 4 hops, 5 hops, 6 hops and 7 hops) betwleeated in the middle of the its prefix area and a data rate
the source and the receiver. At each distance, we have ezgpea@f 200Kb/s. The multicast traffic without prefix continuity
the measurements using two different data rates of 100Kbgsjuires five wireless hops to arrive to the receiver and with
and 200Kb/s. The results of the different trials are desdribprefix continuity requires six wireless hops and the wired

in the next section. communication between the gateways. The packet delivery
) ratio with prefix continuity is closer to 0.98 whereas withou
C. Experimental results prefix continuity the packet delivery ratio is 0.82. There ar

The performance metrics we use to determine the condao reasons for this reduction in packet delivery ratio. The
nience of the prefix continuity approach are the packet dgfiv first one is that traversing a lower number of wireless links
ratio and the normalized overhead. Fig. 10 shows the packeduced the probability of packet losses, and of course the
delivery ratio for the two data rates used with and withodower traffic load incurred by the prefix continuity approach
prefix continuity approach. The results are basically the efeach gateway only floods part of the network) also reduces
pected: Without prefix continuity, the packet delivery oatithe probability of losses due to collisions, interferereie,
decreases when increasing the distance between the sourd¢ormalized overhead is the number of control bytes trans-
and the receiver. Using prefix continuity, the packet dejive mitted per data byte received at the destination. We count
ratio decreases when the distance between the receivetsantdoth gateway discovery traffic as well as routing messages
gateway increases. The differences between both appmadie control overhead. Fig 11 shows the normalized control
are easier to appreciate with the higher data rate. It cawerhead introduced by the ad hoc protocols. We can observe
be noticed that the performance with prefix continuity ahatthe overhead is greater with lower data rates. The néaso



13

Preﬂx—cc‘nununy (100 Kpbs) = A CKNOWLEDGMENT

No Prefix-continuity (100 Kbps) --l--
Prefix-continuity (200 Kbps) - 9

[1] K.Weniger and M. Zitterbart, “IPv6 autoconfigurationlarge scale mo-

sl No Preficcontinaty (200 Kbps) @ | Part of this work has been funded by tRamon y Cajal
workprogramme and the SMART (TIN2005-07705-C02-02)
o oaef 1 project.
: el | REFERENCES
% | — e W s |

bile ad-hoc networks,” ifProceedings of European Wireless Conference

111

February 2002.

Tm
E\M\é\g [2] R. Wakikawa, J. Malinen, C. Perkins, A. Nilsson, and A.ominen,

il I CER S ] “Internet connectivity for mobile ad hoc networkdfirel. Comm. and
O Qg Mobile Computingvol. 2(5), pp. 465-482, August 2002.
. ‘ ‘ ‘ ‘ ‘ [3] S. Singh, J. H. Kim, Y. G. Choi, K. L. Kang, and Y. S. Roh, “kite

multi-gateway support for IPv6 mobile ad hoc networks,’ehniet Draft
. ) draft-singh-manet-mmg-00, June 2004.
Fig. 11. Normalized overhead [4] S. Singh, J. Kim, C. Perkins, T. Clausen, and P. Ruiz,efinét Draft -
Ad hoc network autoconfiguration: definition and problemtestzent,
draft-singh-autoconf-adp-02,” Internet Draft draftginautoconf-adp-
02, February 2005.
. . . [5] K. Weniger and M. Zitterbart, “Address Autoconfiguration Mobile
that the overhead introduced by the multicast routing maito Ad hoc Networks: Current Approaches and Future DirectiofSEE

is independent of the data rate, though if there is no commu- Network vol. 18, no. 4, pp. 6-11, July 2004.
nication then there are no control messages generated in e A- G.-S. P. Ruiz, F. Ros, “Internet Connectivity for MébiAd Hoc

. . Networks: Solutions and Challenge#EE Communications Magazine
network. We can appreciate the difference of overhead when | "5 ioper 2005, pp. 118-125, July 2005.

prefix continuity is used. The reason is the that control p&ck [7] S. Deering, W. Fenner, and B. Haberman, “Multicast listediscovery
are only flooding within their prefix area. The limitation of _ (MLD) for IPv6,” RFC 2710, October 1999.

. . . D. Estrin, D. Farinacci, A. Helmy, D. Thaler, S. Deering, Handley,
control messages flooding to their prefix area has probed %] V. Jacobson, C. Liu, P. Shama, and L. Wei, “Protocol indepen

be very effective in ad hoc networks where the bandwidth is multicast sparse mode (PIM-SM): Protocol specification2CR2362,
scarce and the mobility of the nodes requires frequent flapdi __ June 1998. _ _ _
of control packets [9] E'. Royer and C. Perl_(lns, “Multlcast_ operation of the ad bo-demand
: distance vector routing protocol,” ifProceedings of ACM Mobicom
August 1999, pp. 207-218.
[10] J. McGee, M. Karir, and J. Baras, “Implementing ad hodewestrial
VII. CONCLUSION AND FUTURE WORK network gateways,” irProceedings of Wired/Wireless Internet Commu-
nications (WWIC) 2004, pp. 132-142.
We have ted int ted solution f fHicientl ﬁl] J. Moy, “Multicast extension to OSPF,” RFC 1584, Marc9o4.
A Presen edan 'n egra e_ S0 _u Ion for efciently S 2] A. Laouiti, P. Jacquet, P. Minet, L. Viennot, T. Clausen
portlng multicast communications in wireless mesh network and C. Adjih, “Multicast optimized link state routing,” INR
Three are three key components of the proposed solution: the Rocquencourt, Tech. Rep., February 2003. [Online]. Apégia

. . . ftp://ftp.inria.fr/INRIA/publication/publi-pdf/RR/R-4721.pdf
mechanism to autoconfigure addresses and creation of tlef gﬁ J. Garcia-Luna-Aceves and E. Madruga, “The core abistesh proto-

routes, the interworking with fixed networks and an efficient = col,” IEEE Journal on Selected Areas in Communications, Spessaiel
multicast routing within the multicast mesh. Our solution _ on Ad-Hoc Networksvol. 17(8), pp. 1380-1394, August 1999.

; ble to be depl d with isti fi t | 4] S.-J. Lee, M. Gerla, and C.-C. Chiang, “On demand masticrouting
IS able 10 be deployed with existing routing protocols an protocol,” in Proceedings of the IEEE Wireless Communications and

devices. Networking Conference (WCNC$eptember 1999, pp. 1298—1304.

The auto-configuration scheme is based on the idea [b’;‘r] J. G. Jetcheva and D. D. Johnson, “Adaptive demandedrimulticast
routing in multi-hop wireless ad hoc networks,” Rroceedings of the

pr_efix continuity. This solution is particmafly interasy fqr 2nd ACM international symposium on Mobile ad hoc networkgag
wireless mesh networks because it allows for a reduction on computing 2001, pp. 33—44.

the control overhead. Moreover, the prefix continuity pagad [16] P- M. Ruiz, A. F. Gomez-Skarmeta, and |. Groves, “The MR
h h . . f f It ti aihi protocol for eff|C|en_t support of standard ip mult_lcast inbile ad hoc
as another very Interesting feature for multicasting, I access networks,” iProceedings of the IST Mobile and Wireless Com-

is the fact that addresses are topologically correct, ngakin munications Summit 2003une 2003, pp. 478-482, Aveiro, Portugal.

; ; ; it [17] C. Jelger and T. Noel, “Proactive Address Autoconfigioraand Prefix
easier for routing p_l’OtOCOlS to interoperate. In addlt!dm Continuity in IPv6 Hybrid Ad Hoc Networks,” ifProceedings of IEEE
proposed tree creation scheme based on the reduction of the secon'0s September 2005, Santa Clara, CA, USA.

data overhead allows our proposed scheme to build redll$] P. M. Ruiz and A. F. Gomez-Skarmeta, “Approximating iyl multi-

i i ; ; ; cast trees in wireless multihop networks,” Broceedings of the IEEE
efficient multicast trees in terms of the overall bandwidth =2 2003 June 2003, pp. 686691, La Manga, Spain.

consumption. [19] J. Chuang and M. Sirbu, “Pricing Multicast Communioati: A Cost
Our simulation and experimental results show that the] Easgﬁ ﬁppfoaChd"l'('P;ficeed't’t‘]@JS“ gf 'mETT'%JLI”Y 19?8,“ e ees”
. . . . . almers an . merotn, n the fopology o ulstal rees,
Crea.tlon of defaUIt. routes b.asled _0” pl’efIX .Cont'nu'ty’ lead IEEE/ACM Transactions on Networkingol. 11, no. 1, pp. 153-165,
multicast trees which are similar in properties to sourcéapa  February 2003.
trees. In addition, our experiment have shown that the ulgél E-ﬁ V. Miegffl?\ﬂmylt_G- tHfggE'/inéT\;f? and tF_*- V. DN'jofSték‘d, “I‘Dg?
. . . Iciency o ulticast, ransactions on Networkingol. 9,
of prefix continuity greatly reduces the amount of control """ 0 7197735 "December 2001.
overhead in the network and it enhances the overall packet

delivery ratio.

Distance between source and receiver (hops)



