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Abstract—The Core-Assisted Mesh Protocol (CAMP) is introduced for multicast  groups to maintain an entry for each source in each multicast group,
routing in ad-hoc networks. CAMP generalizes the notion of core-based trees intro- which does not scale as the number of groups and sources per group in-
duced for internet multicasting into multicast meshes that have much richer connec- creases. In addition. because trees provide minimal Connectivity among
tivity than trees. A shared multicast mesh is defined for each multicast group; the the members of a m’ulticast group the failure of any link in the tree par-

main goal of using such meshes is to maintain the connectivity of multicast groups ... h . h . I fi h
even while network routers move frequently. CAMP consists of the maintenance of titons the group and requires the routers invo ved to recon igure the

multicast meshes and loop-free packet forwarding over such meshes. Within the mul- tree.

ticast mesh of a group, packets from any source in the group are forwarded along An ad-hoc network is a packet-switching network based on wireless
the reverse shortest path to the source, just as in traditional multicast protocols based |inks for router interconnection. The topology of an ad-hoc network
on soqrce—based trees. CAMP guarantees that, within a finite time, everyl receiver of can be very dynamic due to the mobility of routers and the characteris-
a multicast group has a reverse shortest path to each source of the multicast group. . h . N
Multicast packets for a group are forwarded along the shortest paths from sources to tics of Fhe radlo_ channels. Althoth tree-based multicast r_outlr_lg |s_v_ery
receivers defined within the group's mesh. CAMP uses cores only to limit the traffic  attractive for wired networks and the Internet because of its simplicity,

needed for a router to join a multicast group; the failure of cores does not stop packet We argue that it is not as applicable to ad-hoc networks with dynamic

forwarding or the process of maintaining the multicast meshes. topologies. Maintaining a routing tree for the purposes of multicast-
ing packets when the underlying topology changes frequently can incur
|. INTRODUCTION substantial control traffic. Furthermore, during periods of routing-table

instability, routers may be forced to stop forwarding packets while they

With few exceptions, the methods used today for supporting manyz ¢ the multicast routing tree to be reconstructed. This paper fo-

to-many communication (multicasting) efficiently in computer nettfuses on multicast communication in ad-hoc networks and presents a

works involve routing trees. The basic approach consists of establish eralization of routing trees into graphs that have more connectivity

a routing tree for a group of routing nodes (routers). Once a routing t &n trees and yet prevent long-term or permanent routing loops from
is established for a group of routers, a packet or message sent to all rting. We call these routing graphwlticast meshes The key

“’”“?fs in the_tree traverses_ each router and link in the_ tree only ONEEntributions of this paper consist of proving that it is possible to estab-
Multicast routing trees (multicast trees for short) are being used ext i3h and maintain routing structures for multi-point communication in

sglvely EJrhmuItlclast Loutlng in comgl;ter n'et\ivorks ar|1tq ;]nternesv[la(, [8Ln ad-hoc network that are far more resilient than trees and can make
[9]. and have also been proposed for wireless multi-hop networks | icient use of communication resources, and presenting the first mul-

[4]. [17], [20]. ) . ) ticast routing protocol that uses routing structures different than trees,
Because a multicast tree provides a single path between any {6t the need to first flood an entire network or internet with either

routers in the tree, the minimum number of copies per packet are ugg packets (like DVMRP or PIM-DM do), or control packets (like the

to disseminate packets to all the receivers of a multicast group. ’1_'—{Hrwarding Group Multicast Protocol (FGMP) does [3]).

a tree of IV routers, only V' — 1 links are used to transmit the same ~ geiign || introduces the main design principles of the Core-Assisted
information to all the routers in the multicast tree in a network with, <1\ brotocol (CAMP), which builds and maintains shared multicast
point-to_—point I_inks; in the case of wireless netW0rk§ with broadca, eshes, and routes packets from any group source over the shortest
links using a single channel, eac_h memper ofa multlcast tree needﬁé?n source to receivers defined in the group’s mesh. Section Il to
transmit a packet only once. Using routing trees Is of course far MQJFiI describe in more detail the creation and maintenance of multicast
efficient than the pru_te_-force approach of sending the same informatigilses and the techniques used for packet forwarding in CAMP. Sec-
”O”.‘ _the source |nd|V|QuaIIy to each Of. the othb.’r __1 times. An _tion IX describes the results of simulation experiments used to study
additional benefit of using trees for multicast routing is that the routings \,o:g performance compared to tree-based multicasting and a dif-

decisio_ns at ea_ch router in the ml_JIticast treg becomes very Simpl%%nt mesh approach in a dynamic topology. Section X provides our
router in a multicast tree that receives a multicast packet for the gro cluding remarks

over an in-tree interface forwards the packet over the rest of its in-tree
interfaces. Il. OVERVIEW OF CAMP

However, multicast trees achieve the efficiency and simplicity de- . . .
scribed above by forcing a single path between any pair of routers. Ac-11€ Core-Assisted Mesh Protocol (CAMP) [11] is designed to sup-

cordingly, if multiple sources must transmit information to the same &'t multicast routing in very dynamic ad-hoc networks with broadcast
of destinations, using routing trees requires that either a shared nitps: It adopts the same basic architecture used in IP multicast [7]. A
ticast tree be used for all sources, or that a separate multicast {f&PPing service is assumed to exist that provides routers with the ad-
be established for each source. Using a shared multicast tree ha<lfgSes of groups identified by their names. In the Internet, this service
disadvantage that packets are distributed to the multicast group al¥fy/ld be provided by the Domain Name System (DNS), for exam-
paths that can be much longer than the shortest paths from souflgs HOStS wishing to join a multicast group must first query the map-

to receivers. Using a separate multicast tree for each source of B9 service to obtain a group address and then interact with their local

multicast group forces the routers that participate in multiple multicd@uters (which we call routers here) through IGMP [7] or an equivalent
host-to-router protocol to request membership in a multicast group. In

This work was supported by the Defense Advanced Research Projects Agency (DARPA) under Gaaqldltlon to the naming service used_by _h_OStS to Ot.)talljl mU|tIC6.lSt group
F30602-97-2-0338 and by CNPg-Brazil. addresses, CAMP assumes the availability of routing information from



a unicast routing protocol. The only requirement imposed on the roatres need not be part of the mesh of their group, and routers can join a
ing protocol used is that it must provide correct distances to knowgnoup even if all associated cores become unreachable. A router sends
destinations within a finite time. a join request towards a core if none of its neighbors are members of the
CAMP differs from most prior multicast routing protocols in thagroup; otherwise it simply announces its membership using either reli-
it builds and maintains anulticast mesHor information distribution able or persistent updates. If cores are not reachable from a router that
within each multicast group. A multicast mesh is a subset of the neeeds to join a group, the router broadcasts its join request usiexr an
work topology that provides at least one path from each source to epeimded ring searc(ERS) that eventually reaches some group member.
receiver in the multicast group. CAMP ensures that the shortest pathlsen one or multiple responses are sent back to the router, it chooses
from receivers to sources (called reverse shortest paths) are part ahyof these responses to use as a path to the mesh.
group’s mesh. Packets are forwarded through the mesh along the pathphe core-assisted multicast routing protocol provides also an alter-
that first reach the routers from the sources, i.e., the shortest paths figdte way for routers connected to sender-only hosts to join the mesh.
sources to receivers that can be defined within the mesh. CAMP dggRenever a router senses multicast packets originated at a host directly
not predefine such paths along the mesh. A router keeps a cache ojthfthed to it, this designated router will join the meskimplexmode
identifiers of those packets it has forwarded recently, and forwardsf &'s not a member yet. The simplex join request, just as a regular join
multicast packet received from a neighbor if the packet identifier is neiquest, will travel towards one of the available cores and is acknowl-
in its cache. The key difference between a mesh and a tree structurgdiged in the same fashion. The conceptual difference is that packets
how data packets are accepted to be processed. A router is alloweshguld travel in only one direction: from the sender-only host to the
accept unique packets coming from any neighbor in the mesh, as @fgsh and not the opposite. This is an attempt to contain data traffic
posed to trees where a router can only take packets coming from routgsser to regions of the mesh where receivers are present. A router
with whom atree branchhas been established. Therefore, keeping th&n leave the group when there are no other hosts or routers depending

branch information updated is one extra challenge protocols basedodnit simply by advertising the change in group membership to their
trees have to face in a mobility scenario. neighbors.

Becauseamember router of a multicast mesh has redundant paths tthe Forwarding Group Multicast Protocol (FGMP) [3] and the
any other router in the same mesh, topology changes are less likelypyemand Multicast Routing Protocol [13] also build a variation of
dlsrgpt the flow of multicast data and to require t.he recpnstruc’gon of thushes. However, to establish group meshes, they require for control
routlr_lg structures that support_packet forwarding. Figure 1 "_'UStratﬁéckets to be flooded in an ad-hoc network. The difference between
the differences between a multicast mesh and the corresponding shgigde two protocols is who starts the flooding — in the former, the re-
multicast tree; routers that are members of the multicast group are datiyers and in the latter, the senders. This approach is acceptable only
The multicast mesh and tree shown in the figure include routers thakmal networks. In contrast, the use of cores in CAMP eliminates the

have host receivers, hosts that are senders and receivers, and roli&l§ or flooding, unless all cores are unreachable from a connected
that act only as relays. Routeis the last receiver to join the multicast

group, and does so in the multicast mesh through either rguber;
consequently, routerdoes not become a member of the mesh.
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component.

In essence, ODMRP requires that all senders that are active transmit-
ting data packets periodically flood the network with a sender advertis-
ing packet. All routers directly connected to hosts willing to participate
in the multicast group will process those advertising packets, and up-
date a member table. This table lists all senders whose advertisements
were received and the neighbor routers used as next hop toward those
senders. Periodically the member table is also broadcast, and inter-
mediate routers listed in member tables as next hop to a sender will
set a data forwarding flag, become group members and keep/broadcast
a member table themselves. Just like CAMP, ODMRP keeps a data
packet cache. Data packets are forwarded if the forwarding flag is set
and the data packet is not already in the packet cache. FGMP is very
Fig. 1. Traffic flow from routet: in a multicast mesh (left) and in the equivalent multicasSiMilar to that approach, except for the fact mentioned above that re-

shared tree (right). ceivers are the entities that flood membership advertisement packets,

Figure 1 illustrates how data packets are forwarded from rduter and senders keep track of receivers in the member table. Both ODMRP

the rest of the group in CAMP and in a shared-tree multicast protoc8'd FGMP have scalability problems because of the design decision
In the figure, solid arrows indicate the flow of traffic along the reverd@ flood control packets, and specially FGMP due to the fact senders
shortest path in CAMP, and along a shared-tree in the multicast prdigVe to keep track of all receivers in a multicast group. Our simula-
col; dashed arrows indicate overhead traffic due to the broadcast cHR "esults illustrate the scaling problems of the mesh approach used
acteristics of the communication channel used to connect them. NBYePPMRP.
that CAMP tends to deliver data along shorter paths than a shared-treEAMP uses a scheme based on the transmissidreaftbeatmes-
multicast protocol. The length of paths incurred in multicasting ovégges to ensure that the mesh contains all the reverse shortest paths.
ad-hoc networks is very important, because longer paths require meaEh mesh member temporarily keeps track of traffic sources whose
routers forwarding packets. It is also interesting to note that, in tHi@ckets come through members other than their respective reverse
example, the number of routers receiving the packets sehtatyeast Shortest paths to the sources. Whenever such situation arises, a heart-
once is the same using the multicast mesh or the shared-tree; this sHeR@ is sent to the successor in the reverse shortest path to the source
that using multicast trees instead of meshes does not necessarily re@ix@) by the unicast routing table. That heartbeat message triggers a
traffic overhead in ad-hoc networks with broadcast links. push joinmessage when the successor is not a mesh membepughe
CAMP extends the basic receiver-initiated approach introducediin forces that specific successor and all routers in the path to the traf-
the core-based tree (CBT) protocol [1] for the creation of multica€ source to join the mesh. Mesh components merge together by means
trees to enable the creation of multicast meshes. Cores are use@fgimilar push joins sent towards cores.
limit the control traffic needed for receivers to join multicast groups. In The mappings of multicast addresses to (one or more) core addresses
contrast to CBT, one or multiple cores can be defined for each meale disseminated from each core out to the network as part of group
http://www.unik.no/personer/paalee
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membership reports. o g.status a bitmap indicating whether router
1 is CORE or NONCORE and if it is DUPLEX, SIMPLEX or
I1l. ROUTING INFORMATION MAINTAINED IN CAMP NOT_MEMBER.

N . L . o g.group : address of the multicast group.
. Each rou}er n;lglntag:s a rOlft'ng tazl_?_ (512 built with thﬁ unlcaTt_ rout- | g.modified_flag : indication whether an update has to be sent
ing protocol. This table is also modified by CAMP when multicast with information about groug.

groups need to be inserted or removed. CAMP assumes the existencg (o ter joins a group in simplex mode if it intends only to send

of abeaconingorotocol, usually embedded into the unicast routing Prigaffic received from specific attached hosts or neighbor routers to the
tocol or available as a separate network service. rest of the group, and it does not intend to forward packets from the
Atrouteri, the RT made available to CAMP specifies, for each degroup. Duplex membership implies that the router forwards any multi-
tinationj, the successos{) and the distance to the destinatidn;{. cast packet for the group.
Other than the unicast routing table, CAMP relies on these dataThe list VY contains all neighbors that, through updates, are known
structures: to be mesh members of groyp Note that even routers that are not
« CAM : table mapping cores to multicast groups. mesh member are supposed to keep this list updated. When a non-
« CORES, : set of routers acting as cores to multicast grgup ~ member router receives a join request and this lists indicates the exis-
« CACHE,; : cache of multicast data packet control information. tence of a neighbor that is already a member of the multicast group, the
o MRT; : the multicast routing table, containing the set of groupgon-member can become a member without the need to send the join

known to router. request any further.
« AT? : table containing anchor information pertaining to router ~ The tableAT; has an entry for each of the multicast groups in which
This table is split in two subsets: routeri is @ member. For each multicast grogipan entry in thedT
— A7 : list of neighbors that have routéms their anchor for mul- specifies those neighbors that routesses as itanchorsfor the group,
ticast groupy. and whether the router has any local host that is a source or receiver
— A2¢ : list of neighbors who are anchors to routén multicast of the group. An anchor for routerin group g is a neighbor router
groupg. that is a successor (next hop) in the reverse shortest patheaast one
« N? : routeri’s list of neighbors that are known to be members gourcein the groupg. Therefore, a router determines its anchor to a
the multicast group. given source by using the unicast routing table. In the example shown
« LSY: list of senders that are directly attached to routend send in Figure 1, routerf uses routeg as an anchor for the group because
data traffic to multicast group. of sourceh, if g is the next hop t& in RT. Note that a router does not
« LRY : list of receivers directly attached to routerwho want to  maintain anchor information for each source in a group, and if a single
receive data packets from multicast graup anchor acts as next hop for multiple sources, that anchor needs to be
« PENDY : list of either join or simplex join requests to multicaststored just once.
groupg originated at or forwarded by routéfor whom acknow!- When M RT; or AT; is updated, routei sends a multicast routing
edgment is pending. update (MRU) to all its neighbors reporting changes in its group mem-

« PENDPJ{ : list of push join requests to multicast grogrig- ~ bership and anchors per group. An MRU contains one or more entries,
inated at or forwarded by routérfor whom acknowledgment is and each entry specifies:

pending. « A group address.
« BK? : list used for periodic “book-keeping” of senders and asso- » An operation code specifying a quit notification, simplex mem-
ciated anchors. bership notification, or a duplex membership notification.

Routeri’s C AM consists of a vector of core-to-group address map- * In membership natifications, the list of anchors needed by rauter
pings. Each entry of the CAM specifies a group address and the ad- for the group and/or the list of newly discovered data traffic source
dresses of the cores that can be contacted for that group. nodes in the group. o . .

The packet-forwarding cach@ AC H E; maintains the identifier of The main objective of communicating anchor information among

] . . : routers is to prevent routers that are required by their neighbors to for-
packets recently processed by routeBasically, the information kept . ;
LA . ward multicast packets from leaving groups prematurely.
in this data structure comes straight from the IP packet header, whic ; . .
n an ad-hoc network, changes in multicast-group memberships

are source address, destination address (group address), packet iden-

tification and fragment offset. The address of the neighbor that rse_ould be disseminated together with routing-table updates, and routers

layed that packet is also stored. The main role of the packet forwahcf’:ar the reports from their neighbors and remember which neighbors

ing cache is to avoid packet replication by keeping track of packe glong to which group. To save bandwidth, routers should exchange

already received by the router. Caching packets is only feasible F(}lrjltlcast routing information together with their unicast routing-table

low-bandwidth channels. Although restricted to symmetric networklépdates' Hence, a routing-table update would consist of a unicast part

. 2 and a multicast part. However, we describe CAMP independently of
an alternative to packet caching is the use of reverse path forwatrr(]jé unicast routing protocol with which it is used

ing [6], where routers only accept data packets from their SUCCESSOT, " ier may update it8/ RT or AT after topology changes and
to the packet source.

o ) . messages received from its neighbors. The messages that may trigger
Specifically, the information stored about a data pagkeln 5, MRy are MRUS from neighbors that change group memberships,

CACHE; Is: ACKs that change both membership and anchor information.
o p-source : address of the sender. The listsLS? and LR¢ contain hosts directly connected to router
+ p.pktID : I|dentification number of the packet, assigned by thgyat are respectively transmitting and receiving data packets. The main
sender. reason for those lists is to know whether there are senders still sending
o p.fragOf fset : Fragment offset in an IP datagram. packets and receivers still willing to join the group and help router
» p.group : address of the multicast group. decide when it is appropriate to terminate membership to the gjoup
+ p.xmtAdr: lastrelay node of the data packet. When newly discovered local senders are insertedf, they will be
« p.age the time packet information is in cache. included in a multicast routing update, which will be propagated to the
The M RTY lists, for each multicast group addregsknown to router mesh. Local senders eventually age out, and are removed from the list.
i If data traffic keeps coming, an aged-out sender will be addddSto



again, and another MRU will be propagated in the mesh. This providsg,cedure HandleJoin(gp,
a way for routers in the mesh to periodically check their reverse paiigrameters
to the sources. gp Multicast group to join
The listsPENDY andPENDP.J{ are temporary structures, used p, Neighborn transmitter of request
to keep track of join and push join requests that are still pending to 4 Node originating join request
be acknowledged. Requests stay in these lists for a limited amounbgbin
time, after which requests age out, and only the initiator of the requestjf (s=1)
retransmits it for a limited number of times. Another auxiliary list is return;[ we don’t want join loops, so ignore... ]
BKY that is used periodically to store senders in grguthat have endif
packets inCACHE;. From RT, router figures out the successor to g < {groupx | * € MRT;, z.group = gp};
each sender, and according to a given threshold, sends out heartbeais( g=10)
or push joins when the number of data packets sent by the successor is [ Group is unknown ]

n, s)

under this threshold. g.group < gp;

The information stored for each neighbor or hbdtept in the lists g.status < g.status N\ NOT_MEMBER,
AY, A2¢, N?, LS?, LR!, PEND?, PENDPJ{ andBK? is: MRT; + MRT; U{g};

+ h.address : IP address of the node. endif

« h.sender : IP address of source of traffic (used BEND? and ~ if (1 € CORES,;)

PENDPJY). [ this node is one of the cores ]

e h.status : DUPLEX, SIMPLEX or NON-MEMBER. g-status < g.status A CORE;

o h.age : how long node or request is in the list. | core < 1;

Detecting the failure or addition of a link to a neighbor is part of the else )
routing protocol used in conjunction with CAMP. For CAMP to work ~__ S97¢ ¢~ {node k | k € CAMJ"};
correctly, it is necessary for the associated routing protocol to work ﬁn(dc'ire £0)

correctly in the presence of router failures and network partitions. This
implies that CAMP cannot be used in conjunction with a routing pro-
tocol based on the classic distributed Bellman-Ford algorithm such as
the routing protocol of the DARPA packet radio network [14], which is .
prone to r%sting loops and count-tg-infinity problems. H[ow]ever, there call HandleJoinAmNotDuplexfp, n, core, s);
are several recent examples of routing protocols that can be used in en dif

conjunction with CAMP [5], [15], [16], [19]. With minor extensions, endif

CAMP can also work with on-demand unicast routing protocols, b Pd

these extensions are beyond the scope of this work.

if (isDuplexg, g) )
call HandleJoinAmDuplex(p, n, s);
else

Fig. 2. Main procedure for the handling of incoming join requests.
IV. BASIC JOINING AND QUITTING MECHANISMS 9 P 9 9 a

We assume in this section that each router can reach at least on’éﬂer sending ajon request, a router _then walits for the first ac-
core of the multicast group that the router needs to join, and that {ﬂ%owledgment toits reqL_Jest, and_retr_ansmlts the request afterarequest-
multicast mesh is connected timeout. The router persists sending join requests for a number of times

CAMP uses a receiver-initiated method for routers to join multicagi'g" foun) as long as the unicast routing table indicates that there are

groups that differs from CBT’s join mechanism in a number of Wayg ysical paths towardsnyof the group cores and none of its neighbors
are group members. Each retransmission of a request is addressed to an

A host first determines the address of the group it needs to join ag nded relay chosen as described above. This is similar to the basic

receiver. The host then uses that address to ask its attached rout('arﬁf’if"o . . ) !
L . o o mechanism used in CBT; however, because data packets flow along dif-
join the multicast group. Upon receiving a host request to join a gro

the router then determines whethertmounceits membership in the rent paths over the multicast mesh depending on the source, there is

. . np need to ensure a single loopless path to the chosen core. This means
group or tarequesbeing added to the group, and uses its CAM to sel_e Pat the use of selected relays towards any core is simply udedito

the core towards which the join request may be sent. In CBT, joinir) . .
s L e search from the routers towards the multicast mesh, but being able
a group always implies a request to join, and a router selects the re@*{each a core is not necessary to join a group
L .

of a join request as the neighbor router along the shortest path to ) i )
group core. Any router that is a regular member of a multicast group and receives

If a router joining a group has multiple neighbors that doplex a join request for the group is free to transmijba acknowledgment

members of the multicast group, then the router simply changes K) to the sending router. An A(_:K _specifies the sender of the J'O"?
M RT and directly announces to its neighbors that it is a new merfgduest and th? multlcast group belr!g_jOlned. To reduce channel traffic,
ber of the multicast group using an MRU. The announcements stafd§ "outer specified as the relay of a join request can be allowed to reply
whether the router is a simplex or duplex member. If MRUs are sdifst by means of a timeout mechanism after a join request is received.
reliably (depending on the unicast routing protocol) the neighbor nodesWhen the origin or a relay of a join request receives the first ACK
acknowledge the join announcement. If MRUs are sent unreliably, tieits request or the first ACK to a join request for the same multicast
join announcement is sent periodically, so that neighbors learn ab@t@up, the router becomes part of the multicast group. In the case of a
the join over time. relay, the router sends an ACK to the previous relay or origin of the join
If a router joining a group has no neighbors that are members of tif§lUest, even if that neighbor has already sent an update stating that it
multicast group, then it selects its successor to the nearest core adtifemember of the multicast group.
relay for the join request. After the router selects arelay, itsejmisa  Figure 2 shows how an incoming join request is handled by the
requestto all its neighbors. A join request specifies the intended relayuter that receives it. In the code fragmentepresents the router
the address of the multicast group that the sending router needs to jthat is processing the request. Initially, there’s a check on a possible
and whether the router wants to join in simplex or duplex mode. looping request. The operatiom™ is a test-and-set operation, where



a bit is set to one only if it was previously zero. After verifying groughe multicast mesh. An approach to favor non-core routers as anchors
and core information, the router further processes the request depearahsists of using a routing protocol that provides multiple paths to the
ing on its membership — duplex, simplex or no membership. Figures&me destination, and making CAMP use non-core successors when-

illustrates how simplex or routers that are not members of the multicaser possible.

mesh handle incoming join requests.

Procedure HandleJoinAmNotDupleXg, n, k, s)

parameters
g Multicast group to join
n Neighborn transmitter of request
k Chosen core for multicast groyp
s Node originating join request
begin

if ({3nb | nb € N7, nb.status = DUPLEX and nb # n})
[ Any neighbor already a duplex member? ]
g.status < g.status N DUPLEX; g.modified < TRUE;
call HandleJoinAmDuplex{, n, s);
return;

endif
if (PEND{ =0)
[ no pending duplex/simplex join ]
nb « call NextHop2Coré);
if (nb#0)
p.address < n;
p.status < p.status N DUPLEX,
PEND? «+ PEND?! U {p};
if (n=1andn ¢ LRY)
lr.address < n;
lr.status < lr.status N\ PENDING,;
LR? + LRI U{ir};
endif
call sendf(OIN, g, nb, s);
endif
else[ There is a pending request. ]
p<« {z |z € PEND?};
if (p.address =i andn # i)
p.address < n; [ Previous request was local ]
endif
p.status < p.status N DUPLEX;
endif
end

Fig. 3. Procedure used by simplex or non-member routers to handle join requests.

V. SIMPLEX JOINS

If non-member routers were allowed to send packets to a multi-
cast mesh, the only way to reach the mesh without flooding would be
through one of its cores. Accordingly, cores could become hot spots
if multiple non-member sources existed, and the paths followed by the
packets sent by those sources could be very inefficient due to router
mobility in an ad-hoc network. Unlike other protocols that allow non-
member routers to send packets to a multicast tree for dissemination
within the tree, CAMP requires that the router attached to any source
of packets for the group join the multicast mesh. To avoid the dissem-
ination of multicast packets to routers that join a group only to allow
a source-only host to send packets to the group, CAMP allows routers
to belong in a multicast mesh in simplex mode, rather than as regular
members. This characteristic of mesh members is used during packet
forwarding to avoid the dissemination of data to sender-only routers.
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Fig. 4. Traffic flow from non-member sources in CAMP (left) and a shared-tree protocol
(right).

In order to adapt also to bursty traffic, the router connected to the
source host does not discard data packets until it receives an acknowl-
edgment for his join request in simplex mode. The router encapsulates
data packets into multiple copies of its simplex-mode join requests.
Those encapsulated packets are sent towards the core as any other join
requests. To minimize the chances of making the core a hot-spot, the
first router in the path from the source of data traffic to the core that is
already a member starts forwarding the data packets itself. In the worst
case, all routers in the path to the core are not mesh members, and the

Receivers use a slightly different procedure to leave a multicagre has to be involved in the packet forwarding while the router closest
group in CAMP than in CBT. A router leaves a multicast group wheni the core gets its acknowledgment to the join request.

has no hosts that are members of the grangit has no neighbors for

whom it is ananchor.

Figure 4 illustrates the benefits of having members that forward data
in one direction only. In CAMP, routers:, ¢, ande join the group in

A router leaving a multicast group issuesjait notificationto its  simplex mode, and forward traffic from host A to the rest of the mesh.
neighbors, who in turn can update théirRT's. No acknowledgments | contrast, in a shared-tree protocol, routersi, e, anda would for-
are requested for quit notifications, because in contrast to multicggfrg packets from host A to router the core, and not join the group.
routing trees, multicast meshes do not dictate the paths taken by mis clear from this example that the approach used in CAMP leads to
ticast packets. Quit notifications are sent as part of multicast routiggorter delays in the distribution of packets from non-member hosts and
updates. less congestion at the core routers; furthermore, because of the simplex

In an ad-hoc network, it is likely that the routers serving as accesgemberships in the mesh, traffic from other sources does not flow to
points to the rest of the Internet would serve as cores, because thej-member sources. Dotted arrows are used again to indicate over-
are static and they must be known by the rest of the ad-hoc netwiikad traffic due to the broadcast characteristics of the communication
for other purposes. An interesting feature of CAMP is that cores atBannel, and solid arrows indicate the traversal of packets accepted at
allowed to leave multicast meshes, as long as there are no routers ugigh relay and end point. Simplex routers are shown in bold circles. It
them as anchors, i.e., as long as they are not needed to provide effigigithportant to note that cores in CAMP do not need to be part of of a
paths for the dissemination of packets in the multicast meshes of thelticast mesh. In Figure 4, the mesh could exist evemiére not part
groups. of it because traffic flows along reverse shortest paths and source-only

In the example shown in Figure 1, the core router could leabe ifnodes are part of the mesh through unidirectional paths. In contrast,
andd did not use it as an anchor. This would be the casejdined in CBT for example, the core is contacted by traffic from source-only



nodes and the shared-tree breaks when the core fails. That is, consiggizedure HandlePushJoinNonDQg, n, s, src)
ing the shared-tree example of Figure 4, nedeust be a member of 5 ameters T

the shared-tree if traffic from non-members is to be propagated to the, Multicast group to join
multicast group. n Neighborn transmitter of request
s Node originating join request

VI. HEARTBEATS, PUSH JOINS, AND ANCHORS sre Node that is source of multicast data traffic

CAMP ensures that all the reverse shortest paths between soulzegin
and receivers are part of a group’s mesh by meariseaftbeatand if ({3p|p € PENDPJ!,p.sender = src})
push join(PJ) messages. [ Ignore PJ for an existing sender, ]
Periodically, every single entry in the packet forwarding cache is [ but update info if this node started pj ]
verified. The router looks up its RT to check whether the neighbor  if (p.address = 1)
that relayed the packet is the reverse path to the source for every cache  p.address < n;
entry. A heartbeat or a PJ is sent towards every source stored in the endif
cache that had the number of packets coming from the reverse patielse

under a threshold. nb < call NextHop6rc);
if (nb#£0)
Procedure HandlePushJoirigp, n, s, src) p.address < n;
parameters o p.sender « src;
gp Multicast group to join p.status < p.status N NOT_MEMBER,;
n Neighborn transmitter of request p.anchor &« NOT_ANCHOR;
s Node originating push join request PENDPJ! < PENDPJ? U {p};
sre Node that is source of multicast data traffic call sendPUSH_JOIN, g, nb, src, s);
begin endif
if (s=1) endif
return;[ no loops, so ignore... ] end
endif
g < {group z | x € MRT;,z.group = gp},
if (9 =0 ) ) Fig. 6. Procedure that handles incoming push join requests when router is not directly
[ Group is unknown ] connected to the source of traffic.
g-group < g, the updated information in its unicast routing table.

g.status < g.status N NOT_M EMBER;
MRT; + MRT; U{g},

endif

if (isDirectlyConnected( src) )
[ Source of traffic is attached to me ]
call HandlePushJoinD@p, n, s, src);

A router that receives a PJ sends an ACK if: (a) it is the intended
relay, (b) it is already a member of the group specified in the PJ, and
(c) it has a path to the end point of the PJ. CAMP determines two types
of push join acknowledgments — regular ACK, sent by duplex mem-
bers and ACKSIMPLEX, sent by simplex members. Given the fact
that simplex mesh members do not accept packets coming from duplex

else members, it's important that there’s no interleave of duplex and sim-
call HandlePushJoinNonD@g, n, s, src); ' P L . P
. plex routers between the initiator of a push join request and the router
endif . .
end directly attached to the source. When acknowledgments start coming

back from the source, duplex members will always send regular ACKs,
and simplex members will become duplex when they receive a regular
ACK. Therefore, if there’s at least one duplex mesh member in the path
from initiator to the source, all nodes from that duplex member all the
A router receiving a heartbeat for a given multicast group and soure@y to the initiator must become duplex if they're not yet.
retransmits the heartbeat if its successor towards the source of data traf router sending an ACK to a neighbor’s PJ understands that it is a
fic (determined with the unicast routing protocol) is already a mesfioup anchor for that neighbor.
member. When a member router receives a heartbeat and detects thatrouter receiving a PJ forwards it to the next relay if: (a) it is the
its successor is not part of the multicast mesh, it serissh join(PJ) specified intended relay and (b) it has a path to the end point of the
to that neighbor router and waits for an ACK from that router. FigureBJ. The relay specified in the forwarded PJ is the router’s successor to
illustrates the processing of an incoming push join. After checking fotlae end point of the PJ. A router discards a PJ for which it is not the
possible push join request loop, the procedure checks whether the langnded relay or for which it is the intended relay but has no path to
router is directly connected to the source of data traffic. If so an apptoe end point of the PJ.
priate acknowledgment will be sent toward the initiator of the request. Heartbeats are sent as long as the reverse shortest path is quiet and
Otherwise, the push join request has to be sent further ahead untédrithor information is aged accordingly to account for the fact that
reaches the router directly connected to the source. Figure 6 illustrates reverse shortest paths used for data distribution change over time,
this last case. because sources may leave groups and routers may move frequently.
Alternatively, if the reverse-path successor for a source of an atthen a router stops seeing traffic, it obviously stops forwarding data
cepted multicast packet is not a mesh member, the router sends a Patiets. This causes some of the anchors stored at member routers to
that neighbor router and waits for an ACK from that router. A routeage out. This in turn reduces the number of copies of the same multi-
retransmits a PJ after a request timeout, and persists sending the PJast-packets from other sources received by some routers, and may also
til the unicast routing table indicates that there is no path to the origilow some routers to leave the group.
of the heartbeat. After topology changes, the reverse shortest paths from sources to
If an ACK to a PJ is needed from a neighbor and the link to thatembers of the group change, which obsoletes some of the anchors
neighbor fails, the router sends a new PJ to a different neighbor ussigred at routers. However, packet forwarding in CAMP depends only

Fig. 5. Main procedure for the handling of incoming push join requests.



indirectly on the reverse-path information obtained from the routers’ Hence, CAMP has no single point of failure and can use as many
unicast routing tables. Anchor information is used mainly to preveobres as desired for a given mesh. In contrast, CBT and PIM-SM re-
routers to leave a multicast mesh when they are in the paths betwegeire a single core to be used in order to provide a multicast tree at all
sources and receivers in the mesh, and packets flow along the shofiest avoid to detect loops in the multicast tree and detect partitions).
paths within the mesh. Accordingly, it is acceptable for a router RS could be used when the single core fails, of course, but that still
attempt to add anchors as quickly as possible (i.e., as soon as it detieestges CAMP as a more efficient approach, because ERSs are used less
a heartbeat from a router for which the successor is not in the multica$ten by providing multiple cores (no single point of failure). A pro-
mesh), and to wait for anchor information to age out for deletion.  posal to accommodate multiple cores and still provide multicast trees

Router; can add a neighbgr as an anchor for groupin two ways has been made recently [18], but the mechanisms in such a proposal ap-
afteri receives @neartbeator apush joinassociated to some soure pear much too complex for a dynamic network and no similar solutions
ing: have been proposed for ad-hoc networks.

« Whenp forwards an acknowledgment to thash joinand is also

the successor farin the reverse path to sourée When routei. ¢ Keeping Meshes Connected
forwards the acknowledgment, it also sends a multicast update if

p became an anchor. A multicast mesh may be partitioned due to the mobility of routers or
« When routeri gets data packets from routgr which is also a the partition of the network itself. In such a case, CAMP has the ability
successor fof in reverse path to sourcg to continue the operation of all mesh components, because routers do

Anchors are aged while they are stored in ti and M RT, and not rely on a single core to join the mesh. In any tree-based protocol
are erased when they reach a 0 age. A router can leave a multicast n@sied on receiver-initiated joining, the tree component including the
when itsM RT shows that no neighbor uses it as an anchor and it hegre or rendezvous point can continue to operate, but the other must

no attached hosts that are senders or receivers of the group. terminate the multicast group (or make use of ERS, for example, for
every join request) until a path to the core is re-established.
VII. HANDLING TOPOLOGYCHANGES In addition, CAMP is able to merge mesh components as long as
A. Link Failures there is physical connectivity between mesh components. The mecha-

_ _ S ) ) nism used to accomplish this is simple and is based on requiring each
Link failures are not very critical in CAMP. When a link fails break-router to keep a record of all the cores in a multicast group, even when
ing the reverse shortest path to a source, the router affected by the bsgakcores are not reachable.
may not have to do anything, becausg the new reverse shortest path Mgy 4 router looses connectivity with all the cores of a multicast
very well be part of the mesh already; furthermore, packets keep flo oup, it sets a flag to remember to contact any such core when the

'ng along_the mesh through the remaining paths to all receivers. |ficoq¢ routing table indicates that at least one core for the group is

contrast, if any branch of a multicast tree fails, the tree ml_JSt recor’%ﬁachable. When a router detects that connectivity with at least one core

nect_all components of the tree for packet forwarding to continue to 8t the multicast group is re-established, it determines if its successor in

receivers. i ) the reverse shortest path to the core is in the mesh, and sends a join
Link failures have a smaller effectin CAMP than in tree-based m

) — ! - " Yequest towards the core if the successor is not in the mesh; this use of
ticast protocols, because a router joins a group with the first ACK it rgy;y requests reconnects a multicast mesh.

ceives from any neighbor, and because a router persists in joining w iIeI_0 ensure that two or more mesh components with cores eventuall
it has neighbors that are members of the mesh or its unicast routing ta- P y

ble provides a path to a core. Furthermore, core failures do not interr 5t J€ all cores that are active in the mesh send periodical messages to

L P L h other, forcing routers along the path that are not members to join
ket f h h or the ability of ¢ pain’ .
packet forwarding in the mesh or the ability of new members to join g1esh. These messages explicit joins(CEJ) that specify the

group, because ERS can be used to reach a multicast mesh when é ft . .
are not reachable, and cores need not be part of the mesh. In contrag'?}ﬁﬁ'c""St group, the intended relay of the CEJ, the intended core, and

tree-based multicast routing protocols based on receiver-initiated jo, %ae flag. Thﬁ f,ltag |fhan information USEd by tl:ﬁ recetlr:/ %r ?f a CItE‘]
ing (e.g., CBT and PIM-SM), failure of the core or rendezvous poirtl? etermine whether there aré non-members in the path between wo

of the group breaks the multicast tree, and prevents new members fOHES: Wherll thelflzg 'S k?Ft)t rgzit al 3Io?gbthe pattr; bektween the two
joining, until a new one is elected and made known to all routers. cores, no acknowledgment to neeas fo be sent back.

Arouter receiving the CEJ with the gap flag set to O forwards the CEJ
B. Node Failures to the next relay if (a) it is the specified relay and (b) it has a path to the

) . ) ) specified core. Furthermore, if the relaying router is not a member of
CAMP reduces control traffic associated with the establishment am% mesh, it sets the gap flag to 1 in its CEJ.

maintenance of multicast meshes by using multiple cores per group thaL
routers can use dandmarksto orient their join requests. Therefore,
a router can try to join a mesh orienting its unicast join requests
any of sucHandmarksand can redirect its join requests when topolog)
changes. If none of the cores of a group are reachable given the uni

core receiving the CEJ with the gap flag set to 1 sends an ACK.
e ACK is forwarded all the way back to the core that originated the
J; ACKs force relaying routers to join the mesh as in a PJ or a regular

Oe{gt Alternatively, a router receiving the CEJ with the gap flag set to O

routing information currently available when a router needs to sen opwards the CEJ to the nextrelay if: () itis the specified relay, (b) it

join request, this router uses an Expanded Ring Search (ERS) to re he path to the specified core, and (c) itis not a member of the group.
the mesh. This router first sends a mesh search message specifyirfy Similar mechanism is used to ensure that a connected component
itself as the requester. Any router receiving such a message forward¥ @ group mesh with no cores in it can merge itself with at least one
appending its ID to the path of the message, if the ERS can proceed afhgr connected component with one or more cores in it. When a router
the router is not a member of the mesh. A router that receives the mi¥¥ has group members or is an anchor for other routers detects that
search message and is a mesh member replies with an acknowledgniéfte of its successors in its shortest path to any core of the group is part
When the mesh search requester gets the first acknowledgment t@fit§e mesh, the router simply sends a join request towards its selected
message, it sendsjain request along the path it obtained with theOre.

acknowledgment. The router retransmits its search message after a timfRouters use flooding (ERSs) to reconnect the mesh only if all cores
out if it does not receive an ACK. are unreachable.



VIIl. PACKET FORWARDING OVER AMULTICAST MESH packets tall the network in order to establish a routing structure. If the

The basic packet forwarding scheme in CAMP consists of trying {Batwork_size is Iargez or the number of groups and sources per group is
forward multicast data packets along the paths within the mesh that fir4g€: this approach is not applicable. _
reach the member routers from the sources. The main control informa1© date, CAMP is the only multicast routing protocol not based on

tion in a multicast packet is: trees that avoids flooding of data or control packets to establish the
« The address of the intended multicast group. routing structure for a group. Therefore, for comparative purposes, we
« The address of the sending host. implemented a simple tree-based protocol that can be used to capture
« Asequence number that is used for control functions. all the features of the main tree-based multicast protocols with receiver-
« A time to live used to limit the time each packet is allowed tased joining proposed or implemented to date. Also implemented was
remain in the network. the On-demand Multicast Routing Protocol [13]. The objective of the
A router attached to the source host of a packet simply transmits gigulation experiments is to illustrate that the mesh approach used by
packet to its neighbors. CAMP is more robust than shared tree structures and is more scalable
A router receiving a multicast packet without errors from a neighb&an the flood-based mesh approach used in ODMRP and FGMP. -
router accepts the packet only if: We implemented a shared-tree multicast routing protocol that is sim-
« The router is a member of the multicast group specified in thiar to CBT in that it uses a single core and uses that tree to forward
packet, which is determined from the routeksRT'. packets. A router in this protocol, which we denote by WTP (wireless
« If the router is a duplex router, the packet's sequence numbertlige-based protocol), forwards data packets only when they come from
not in the packet-forwarding cache. one of the children or parent of the router in the tree rooted at the core.

« if a simplex router, the packet’s sequence number is not in tA&e tree maintenance part of WTP extends the conventional shared-tree
packet-forwarding cache and the neighbor sending the packepfgtocols like CBT and PIM-SM. In WTP, a router re-establishes its
also a simplex router. connection to the tree by looking for a new parent as soon as it detects

When a router accepts a packet, it adds its sequence number @@ its previous parent has moved away.

the identifier of the source to its packet forwarding cache. This step ]
prevents the same packet from being accepted more than once byBthd&xperiments

router, provided that the entries in the cache persist longer than the time- apmp rebuilds meshes at least as fast as CBT and PIM can rebuild
it takes fo_r pack_ets to revi'sit a router. In an ad_—hoc network built usiges and requires storage overhead similar to any protocol based on
commercial radios operating in an ISM band with a data rate of 1 MbRgared trees. CAMP is always loopless, forwards packets around failed
our experiments indicate that small packet-forwarding caches suffitgs of a mesh, and is resilient to any core failure and network parti-
(e.g._, listing fewer than 100 entries), b_ec_auge each router receives fRs. |n contrast, CBT and PIM incur temporary loops when the uni-
multicast packets per second (due to limits imposed by channel acces routing tables are inconsistent, stop packet forwarding to segments
and pacing of transmissions over multiple hops) and a successful paciefhe group after link failures until the multicast tree is rebuilt, and
takes much less than a couple of seconds to traverse the longest netygtk,yinerable to core or rendezvous point failures. Furthermore, in a
path. . static topology, CAMP delivers packets along the shortest paths defined

A router that accepts a multicast packet need not forward the paciighin a multicast mesh, which is built based on reverse shortest paths,
any further. A router forwards an accepted multicast packet only if tag, 4 piM dense mode and DVMRP build source trees based on reverse
router is an anchor in the multicast group for at least one neighbor. Ngj&)test paths as well. Therefore, the paths obtained in CAMP in static
that routers with source-only hosts attached do not receive mumcﬁ%ologies are similar to those obtained with source trees and can be
trgffic from other sources in the group, unless they have connectivify,ch shorter than the paths obtained with shared trees (e.g., CBT).
with duplex members. . Although CAMP and ODMRP [13] use a different mesh approach,

Whether a router forwards a packet or not, the router updates {18, spare some common features. The idea of anchors is present in
MRT with the fact that the sendmg_ router belongs to the m‘%'t_'c th — when a router reads a member table in and finds out it has to set
group addressed by the packet. This can allow the router o join {@ torwarding flag, the router is becoming an anchor for the neighbor
group through a simple announcement if it is required in the future. gqing the member table. Rather than using reverse path forwarding,

_Itis important to note a few aspects of CAMP’s packet forwardingy, hrotocols rely on packet caching to avoid loops. The major differ-

discipline. CAMP tends to forward packets along the fastest routggee is the sender-initiated approach used in ODMRP, which requires
from sources to receivers that can be obtawétin a multicast mesh ..o packets to be flooded in the network.

at the time the packet is being fo_r w_arded. If link asymmetries are NOtrhe interesting aspects for performance comparison between CAMP
very large, the shortest paths within a mes h te_nd to b? the SaME, &3 the other multicast protocols are the average delays, percentage of
the true shortest paths, because a mesh is built ensuring that all . cket loss incurred due to node mobility, and the number of control
verse shortest paths are part of the mesh. A rare case in which pa %kets received by each node. The percentage of packets lost at a re-
forwarding would not 'take place _along the shortest paths O.f the m er is simply the amount of packets sent by the traffic source that was
wou_ld occur when a given router 1S n_ot an anchor for any neighbor aﬂgt seen by the specific receiver. Therefore, the smaller the percentage
yets part .Of the shortest path within the mesh from some sourcei%?the better the protocol behaves. Obviously, the average packet delay
some receiver(s}. measured at each receiver excludes lost packets. The reason for using
IX. PERFORMANCECOMPARISON the number of incoming cqntrol packets as an overhead metric rather
than the number of bytes in those packets is due to the fact that the
MAC layer used is based on floor-acquisition. This type of MAC pro-

In large ad-hoc networks, no multicast protocol proposed to ddtecol is heavily affected by the number of packets sent and less affected
that is based on sender-initiated joining is scalable with the numi®r the number of bytes sent, since the access to the physical channel is
of nodes in the network or the number of sources and groups in #gsigned for some time to a packet regardless of its size.
network. Examples of this type of protocols based on routing trees aré/Ve ran a number of experiments to study this aspect of CAMP’s per-
DVMRP and PIM-DM; an example of this type of protocols based oformance and to compare it against the other multicast approaches. The
graphs other than trees is FGMP [3]. The reason that these protocitsulation package used was the C++ Protocol Toolkit (CPT), from
are not scalable is that sources must flood either data packets or corRabftop Communications [12]. Figure 7 shows the topology of the dy-

A. Protocol Used for Comparison
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gtree obtained W?'[h CgI;/T all routerg are receivers of the multicgstgroup, Router 16 is thel,n the e_XpenmentS‘ data traffic is orlglnated either by soutce

core, and A and B are sources. which is directly attached to the coreo(ter 16, or by both source
A and B, which is attached toouter 29 In the experiments where the

namic network used in the simulations. The network has 30 routessurce of data traffic is senddr, the load was 4 packets/second. In the
numbered from 1 to 30, and two sende#sand B. The positioning of experiments where both sendetsnd B transmitted packets, each one
sources should not be an issue for mesh-based protocols, so the sow@ets?2 packets/second to try to keep the same number of data packets in
were positioned in different parts of the network to study the behathe network.

ior of WTP when traffic comes from a source close and away from the Nt surprisingly, WTP was the protocol that performed the worst in
core. The solid links shown in the diagram illustrate the initial shargge experiments. Figure 8 shows the different outcome between WTP
tree computed dynamically in the simulation. The dashed links regng the mesh-based protocols regarding packet losses. WTP attempts
resent the connectivity among nodes. All nodes in the simulation @f reconnect the tree as soon as possible every time a router loses its
the multicast routing protocols are receivers. In CAMP, this means glirent in the shared tree. Every time the unicast routing protocol warns
nodes areluplexmembersRouter 16vas chosen as core for all SImu-wTp apout a neighbor being removed from the unicast routing table,
lations. the protocol sends a join request to the new successor to the core, trying
Experiments ran for 350 seconds and the same conditions were t@pre-establish its connection to the tree. The same trend shown in Fig-
plied to the simulation runs for CAMP, WTP and ODMRP; specificallyure 8 for packet losses was observed in all experiments we ran. In such
the same number of packets was sent from the given source, the sarsentext, the comparison of average packet delays between the shared-
router mobility was applied, and the same MAC and routing protocalige protocol and the mesh-based protocols cannot be made, since the
were used. The simulations used a single broadcast channel, so #latages for the routers running WTP is computed based in much less
the transmission of a node is received by all its neighbors. The chandata packets than in CAMP and ODMRP. Therefore, for the sake of
bandwidth is 1 Mbit/sec. Radio links are bidirectional. The floor adrevity, we do not include WTP results in the following figures.
quisition multiple access (FAMA) protocol[10] was used to access the The reason for the poor behavior of WTP is the strong dependency
broadcast channel, and the wireless internet routing protocol (WIRPjas on consistent unicast routing tables to provide a loop-free shared
[12] with hop countas distance metric was used to generate the Ujse WIRP [12], the unicast routing protocol used in the experiments,
cast routing-table entries at routers for CAMP and WTP. Since CAMRay create temporary loops shortly after links go down. Because
co-exists and sends its updates embedded into the updates of Wi#’p makes decisions regarding tree reconnection shortly after links
the number of incoming control packets shown by CAMP in the e down, the shared tree becomes vulnerable to loops, which leads to
periments include the control packets generated by the unicast routiRg |arger packet-loss rate. This fact shows the difficulties brought up
protocol. ODMRP does not need a unicast routing protocol. when packet forwarding is dictated by a strict delivery structure like a
The timers of updates in CAMP and sender advertisement shared tree in a dynamically changing environment. Protocol behavior
ODMRP determine how fast the network adapts to topology and groimthe presence of temporary loops in unicast routing also illustrates the
membership changes. Although the draft specification available furvivability of mesh protocols.

ODMRP [13] requires this timer to be set to 400 msecs and does nofrigures 9, 10 and 11 show the comparison between CAMP and
clearly indicate a way to compute this timer for different network sizeSpMRP. Figures 9(a) and (b) show that CAMP renders smaller delays
and capacities, the update timers for both protocols are set to three §¢gn ODMRP in the case of a single source and 5 or 15 nodes mov-
onds. This is an attempt to be fair to the sender-initiated protocol, singg§. Figures 9(c) and (d) show that when both sendeend B send
3 seconds is the period used by CAMP to send updates. Naturallypdckets, the delays incurred by packets from each source are longer
the timers are set to 400 msecs, we expect ODMRP to yield a MyghoDMRP than in CAMP, and the increase in packet delays is more
greater overhead than the one shown here. pronounced in ODMRP. The longer delays incurred in ODMRP with
Two major types of experiments were run regarding mobility: onmultiple sources is a consequence of the flooding of control packets
with 15 routers and the other with only 5 routers moving through theer source needed in ODMRP. As shown in Figure 10, in all experi-
network. When only 5 routers are mobile, those are routers 17, 18, 8@&nts the number of control packets received by CAMP routers repre-
28 and 30, and other than these 5 routers, routers 1, 3, 6, 7, 9, 10,sEdt from 50 to 60% of the number seen by ODMRP routers. This is the
23, 25 and 27 are the mobile router for the more dynamic scenario. Thain reason for the longer delays in ODMRP; as the number of senders
mobile nodes were chosen randomly by a topology generator bundggdws, CAMP performs even better than ODMRP. In Figure 9(c) and
with the simulation package used. The speed at which mobile noddy one can observe that, like routers 1 and 2, almost half of the routers



in the network show shorter delays for both sendérand B when [14] G.S. Lauer, “Packet Radio Routingzhapter 11. Routing in Communications Net-
running CAMP. works.(M.Streenstrup, ed.), Prentice-Hall, Englewood Cliffs, NJ, 1995.

As far as packet losses are Concerned‘ both mesh-based protdéé]ss. Murthy and JJ Garcia—Luna-Ace\_/es,_“/-\n Efficient Routing Protocol for Wireless
perform similarly when there’s a single sender. With the exception of Networks,".Moblle Networks and Ap'pllcatlonACNlI/Baltzgr, V?I' 1, No. 2, 1996.'
some CAMP routers in Figure ll(C), CAMP routers tend to consistenw] C.E. Perkergs and P. Bhagwat., “Highly Dynamic Destlnatlon-Sequ’enced Distance-

. . Vector Routing (DSDV) for Mobile ComputersProc. ACM SIGCOMM'94London,
loose slightly fewer packets than their ODMRP counterparts, when two UK, 1994.
senders transmit data packets. Routers 1, 2, 10, 13, 20 and 30 ﬂ?}rtc. Perkins and E.M. Royer, “Ad Hoc On Demand Distance Vector (AODV) Rout-
the experiments all located in the upper left corner of the network, as ing” internet Draft, http://www.ietf.org/internet-drafts/draft-ieti-manet-aodv-01.ixt,
shown by Figure 7. Some CAMP updates were lost and intermediate August, 1998.
routers took longer to start acting as anchors for that part of the netwdue] c. Shields and J.J. Garcia-Luna-Aceves, “The Ordered Core-Based Tree Proto-
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Fig. 9. Average packet delay for each router. Data traffic comes either from source A or from both source A and B.
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Fig. 10. Total number of control packets received by each router. Data traffic comes either from source A or from both source A and B.

12



% Percentage

% Percentage

Percentage of Packets Missed: 5 mobile nodes, Core Close to Source

10

«—F

30
CAMP-A —*—
ODMRP-A -~
CAMP-B —x—
ODMRP-B ---6---
25
20
—
15
R PTer T 1 N
10 / \,‘ a‘ . / oo ’
5 i (, | A \\ /
| [ L L
4 "; s

o 3
1 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Routers

(a)

Percentage of Packets Missed: 5 mobile nodes, Two Sources

0
123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Routers

©)

% Percentage

% Percentage

Percentage of Packets Missed: 15 mobile nodes, Core Close to Source

3 i
%
) ,
1 G / -
0
1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Routers
(b)
Percentage of Packets Missed: 15 mobile nodes, Two Sources
14 —
ODMRP-B ---&---
12
10
8 my fot %
Aty b 2820 / s
4Ly b o] v o
Ka/\ 8L NN y 4
- LA Vo
2 Yl =

0
123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Routers

(d)

Fig. 11. Percentage of multicast data packets missed by each router. Data traffic comes either from source A or from both source A and B.
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