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Abstract These issues get more complicated as receivers dynamically
join and leave a multicast group.

This paper proposes a solution to delivering multicast  As mobile networks become common, it is well antic-
data reliably not only to/from fixed hosts but also to/from ipated that the members of a multicast group are a com-
mobile hosts in combined fixed/mobile IP networks, par- yination of fixed and mobile hosts. Although a number of
ticularly with regard to the per-source shortest path mul- \4rious approaches for reliable multicast have been recently
ticast routing protocol and remote subscription option in proposed [7], most of them do not consider mobile mem-
IETF mobile IP multicast standard. We propose exploit- pers in a session and thus there is no guaranteeing that they
ing tree-based error recovery, well-established concept for \work that much well also in the presence of mobile char-
reliable multicast in fixed networks, where a hierarchical geteristics such as handoff of mobile hosts or heterogene-
logical tree of a source and receivers is constructed over ity of hosts and networks. These characteristics may give
which the responsibility of error recovery is distributed. We yise to some new important issues [8] that can be appro-
introduce a new entity named ARMM (Agent for Reliable priately dealt with only by an extension or modification of
Mobile Multicast) located at each cell of wireless/mobile {ne existing approaches. A few mobile reliable multicast
networks. Each ARMM participates in a logical tree as protocols [9][10][11] do consider a combined fixed/mobile
a parent of mobile hosts in the corresponding cell. Itis enyironment. Assuming the existence of a reliable multi-
responsible for retransmission and requesting for retrans- 5t protocol for fixed hosts, they handle only the reliable
mission on behalf of the mobile hosts. With aid of ARMM, gelivery of multicast packets to mobile hosts from agents
the proposed scheme features (1) adaptive reconstructionnat relay the packets from the fixed hosts on behalf of the
of logical trees due to host mobility, (2) retransmission to mopile hosts. As a mobile host likely roams from one cell
mobile hosts via optimal routes, (3) abstracting a group of 15 another, the agents cooperate with one another for the
mobile hosts into a single ARMM (and thus reducing logi- appropriate buffer management so that the mobile host may
cal tree maintenance overhead), (4) efficient use of wirelessnot |0se the chance of receiving data packets due to hand-
bandwidth for retransmission, and (5) low processing bur- ff |n addition, it is critical for overall performance of re-
den on mobile hosts themselves. The experimental result§aple multicast in a combined host environment to use a
show that the proposed scheme provides higher scalabilityrejigple multicast protocol that can adapt to host mobility,
than a scheme applying a generalized tree-based reliablej o dynamic membership change of the agents, as well in a
multicast in mobile environments. scalable manner. However, the current mobile reliable mul-

ticasts do not allow the fixed part of sessions to adapt to
dynamics of the mobile counterpart.

1. Introduction In this paper, we propose a scalable tree-based reliable
multicast protocol that transparently handles membership
Reliable multicasting guarantees that every packet fromdynamics due to host mobility as well as that of fixed hosts,
a source is transmitted to the receivers of a multicast groupand supports reliable delivery to/from mobile hosts. We in-
without any error and also in order. Itis a valuable transport troduce a new entity named ARMM (Agent for Reliable
layer service to applications such as software distribution or Mobile Multicast) in each cell. Each ARMM, participat-
multimedia conferencing. There have been many researching in a logical tree, is responsible for retransmission and
works on reliable multicast services [1][2][3][4][5][6][7]. requesting for retransmission on behalf of the mobile hosts.
They attempt to provide scalable and efficient solutions It abstracts a group of mobile hosts into a single ARMM
to acknowledge implosion and retransmission exposure.and thus reduces logical tree maintenance overhead. With



ARMM, the proposed scheme enables retransmission tomessages due to join/leave of mobile hosts. Meanwhile, bi-
mobile hosts via optimal routes. This leads to efficient use directional tunneling tolerates route non-optimality to elim-
of wireless bandwidth for retransmission and low process- inate cost involved with join/leave of mobile hosts. MoM
ing burden on mobile hosts. The proposed scheme alsgorotocol [13] further enhances bi-directional tunneling by
deals with the reliable delivery of multicast data from mo- addressing the tunnel convergence problem. It ensures that
bile hosts while most of previous works consider only re- only one home agent tunnels to a foreign agent even when
liable multicast delivery to mobile hosts. The experimen- more than one mobile hosts from different home cells reside
tal results show that the proposed scheme reduces acknowin the foreign cell. Xylomenos and Ployzos point out that
edge implosion from 1.2 to 5 times compared with a generic remote subscription will be eventually dominant due to the
tree-based scheme, depending on the session size and the rstrength of optimal routing [14].
tio of mobiles. We assume that IETF remote subscriptionis There have been a few research works that focus
used as mobile IP multicast [12]. on the reliable delivery from mobile agents to mobile
The rest of the paper is organized as follows. Section 2hosts. HVMP (Host View Membership Protocol) pro-
gives an overview of existing approaches. Section 3 iden-vides exactly-once semantics for multicast [9][8]. For this,
tifies the issues that host mobility may cause when a tree-each Mobile Support Station does not discard packets from
based error recovery is applied. Section 4 describes in detailts memory so that newly incoming mobile hosts can re-
the proposed solution. Section 5 presents and analyzes theeive the packets immediately from it (the new MSS), even
results of simulation experiments on the proposed schemethough all the mobile hosts local to the MSS have received

Conclusion is drawn in Section 6. the packets successfully. RelM also guarantees exactly-
once delivery of multicast messages to mobile hosts in a ses-
2 Related works sion [10]. In its new three-level hierarchy, Supervisor Hosts

on top of multiple Mobile Support Stations collect acknowl-
edgments and forward them to the source of the multicast.
Unlikely to HVMP, Supervisor Hosts with no session mem-
bers need neither receive multicast packets nor be involved
with procedure of reliability enforcement. A logical ring re-
liable multicast protocol for mobile nodes is most recently

There have been various approaches for providing a reli-
able multicast service in fixed IP networks [7]. Tree-based
reliable multicast protocols such as RMTP (Reliable Multi-
cast Transport Protocol) [1] are known to be most scalable
in terms of throughput. They construct a hierarchical log-

: . ) ) ) roposed [11]. The motivation is the same as HVMP. Us-
ical tree in which a source and receivers are configured as1p

t and int diat q | ivelv. In th ng a token circulated along a logical ring of base stations,
aroot and intermeaiate nodes or leaves respectively. In ey, hase station agrees on the maximum sequence number

logical tree, a parent node is responsible for reliability of its below which all packets can be considered as delivered to

child_rgn nodes. The parent nod_e recgives acknowledgmentgn the mobiles. Thus packets can be safely discarded from
(positive and/or negative) from its children and retransmits memory without newly incoming mobile hosts losing the
packets missed by them. By capitalizing the inherent StrUC- . ance of receiving these packets

ture of trees, tree-based protocols efficiently distribute the
responsibility of reliable multicast to the source and the re- i ] .
ceivers of multicast, and also localize retransmission of lost 3- D€sign considerations
packets to retransmitter's descendants. This combined dis-
tributed/localized error recovery contributes largely to al-  In Figure 1, rectangles and circles represent multicast
leviate implosion of acknowledgments and exposure to re-routers and end hosts respectively. Bold rectangles - R4,
transmissions and thus to enhance the protocol scalabilityR5, and R6 - are home agents and/or foreign agents and
Our previous experience shows that the approximation of abold circles D and E are mobile hosts. We assume that R4
logical tree to a multicast routing tree improves the scala- is a home agent for a mobile host E and R5 is that for D.
bility further [3]. We consider the case when a fixed host S is a multicast
Multicast support for mobile hosts has been studied source. Based on tree-based error recovery, we construct the
largely based on IETF mobile IP standard. IETF mobile corresponding logical tree (detailed in the next sections). In
IP multicast specification [12] provides two options for re- the tree, a pair of nodes has parent-child relationship with
ceiving multicast datagrams. In remote subscription, a mo-each other and each parent is responsible for the reliability
bile host with a co-located care-of address receives multi- of its own children.
cast packets directly by link-level multicast in the foreign Suppose that the corresponding logical tree remains un-
network. In bi-directional tunneling, a mobile host receives changed when a mobile host D moves into a foreign agent
multicast packets via a tunnel from its home agent to the R4’s network. Based on our assumption that remote sub-
current foreign agent. Remote subscription provides op- scription is used for mobile IP multicast, D even then con-
timal routing at the cost of exchange of multicast routing tinues receiving multicast packets from the source via the
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Figure 1. Multicast on a combined Figure 2. Introduction of ARMM (Agent for Re-

fixed/mobile network. liable Mobile Multicast).

link between R1 and R2, the link between R2 and R4, and
the wireless link from R4 to E. However, since D’s logical
parent is still B, if D experiences a loss, it requests B to ~ We have considered the case where the source of multi-
retransmit the lost packet. Now that the transmission pathcast is a fixed host. Even when a mobile host, say, D in Fig-
from S to B and that from S to D are totally independent ure 1, is the source of multicast, similar problems also can
(both paths do not share any link), losses at the mobile hostoccur. If the mobile host D moves into other networks away
D does not have any correlation with those at B. Consider-from the current R6’s network, then the multicast routing
ing packet loss correlation, A is more eligible for a logical path for packets emitted by D should be recalculated by the
parent of D than B. Therefore the logical tree gets changedunderlying multicast routing protocol (in this paper we as-
as well so that more eligible parents can be liable for the sume the protocol to be per-source shortest-path multicast
reliability of children. However, with mobile IP standard routing). Since the change of multicast routing path may
and current reliable multicast solutions, the need to modify result in inefficiency of a current logical tree rooted at D,
the logical tree cannot be even recognized. We refer to thisthe logical tree needs to be modified reflecting the change.
problem as thé@responsive logical tre@roblem. Here the same problem arises - the irresponsive logical tree

Suppose that some packets from the source S to a mobil@roblem. Furthermore a mobile host as a source of multi-
host E are lost in transit either on a link between R3 and cast still should maintain information on its own children
R5 or on a wireless link between R5 and E. The tree-basedn & logical tree. Retransmission duplication problem and
error recovery mandates that the logical parent B retransmit'@transmission route non-optimality problem also may arise
the lost packets to the logical child E. Based on the IETF in a case that more than one mobile host beside the multicast
mobile IP standard [12], packets which are unicast from B Source mobile host is in the same cell. If the source mobile
to E should be transmitted first to E's home agent R4. The host retransmits packets to other receiving mobile hosts via
packets reach the destination node E via a tunnel from R4unicast tunnels, the retransmitted packets will follow routes
to the foreign agent R5. This is clearly inefficient in terms far from optimal and wireless bandwidth within the same
of bandwidth consumption and routing delay. We refer to cell will be redundantly used for the retransmission to each
this as theetransmission route non-optimaliproblem. receiver.

When more than one mobile hosts in the same cell ex-
perience the loss of the same packet, multiple unicast re-
transmissions to each mobile hosts may converge on a sin4. The proposed scheme
gle wireless link from a mobile (foreign/home) agent to
the mobile hosts thus resulting in duplicate retransmissions.
This situation is referred to as tmetransmission duplica- In order to address the aforementioned issues, we pro-
tion problem. pose a scheme based on ARMM (Agent for Reliable Mo-
The tree-based error recovery requires that each host in dile Multicast). Placed in each wireless cell, each ARMM
given reliable multicast session should maintain a regionalacts as a proxy for mobile hosts in the cell. On behalf of the
part of a logical tree, that is, its (logical) parent and children. mobile hosts, ARMM participates in a logical tree and takes
As the number of active sources in the multicast sessionthe responsibility of error recovery - retransmission and re-
increases, the processing overhead imposed to maintain thguest for retransmission. In Figure 2 (a), we place three
logical tree may not be acceptable for mobile hosts which ARMMs and the resulting logical tree is shown in Figure 2
usually have rather low computing power. We refer to this (b).

as thehigh processing burden at mobile hopt®blem.



4.1. Construction/reconstruction of logical trees

The way we construct logical trees is a key point to deal-
ing appropriately with the problems described in Section 3.
For efficient error recovery, it is important to ensure that a
logical tree be organized as close to the underlying multi-
cast routing tree as possible [3].

4.1.1. Error bitmap. In order to construct a logical tree

sourceS when 32 bits get filled up. For the discussion of
bitmap size refer to our previous work [3]. Receiving the
error bitmap information from the newcomer, the sousce
compares it with those of its children to check if the new-
comer has child or parent relationship with any child
Joinalgorithm can be divided into the following four cases.

Case i) N has no relationship with any child &. Then
S < N as aregularchild.

as close to a multicast routing tree as possible, we exploit~,qq i) N > C butnotN C C. ThenS « N, and

the fate sharing property in IP multicasting [15]. Each re-

N« C.

ceiver in a multicast session maintains a packet delivery

status callecerror bitmapsimilar to the status message of
RMTP [1]. An error bitmap consists of two parts: sequence
number (V_s) and actual bitmapR). N _s is the sequence
number of the first packet in a sequence of packets. One bi

Caseiii) N C C butnotN D> C. ThenS sendsN’s error
bitmap information and IP address@ The proce-
dure is repeated downward the tree uiis proper

t parent is found.

of B indicates the status of transmission of the correspond-

ing packet; 1 means a successful packet delivery to the re
ceiver and O indicates a packet loss. For examiles =

5 andB = 11010 means that the receiver has successfully

received packets with sequence numbers 5, 6, and 8.

Each receiver feeds the error bitmap information back to
the source or its parent in the logical tree. If a bit in the
error bitmap at a node is set to 1, the corresponding bit in
the error bitmap of its parent is much likely to be set to 1.
Note that the error bitmap of a source always consists of all
1's.

4.1.2. Construction of logical treesWe first define two re-
lational operators and an operation between a pair of node
in a logical tree as follows.

Definition 1 (Child) We say that two noded’; and NV;
have the relationshipy; C N; (which readsV; is a child of
Nj)ifandonly if B, (N;) < Bi(N;) forallk =1,2,...,1L.
Here By (N;) denotes thek-th bit (from the left) of the
bitmap of node&V;, while the bitmap length is assumed to
bel.

Definition 2 (Parent) Similarly, N; O N; (which readsV;
is a parent ofN;) if and only if By (N;) > By (N;) for all
k=1,2,...,1. The relationshipp, is thus a complemen-
tary relationship toC.

Definition 3 (Adoption) N; < N; (which reads N;
adoptsV;) whenNN; is attached to/V; as a child in the
logical tree.

Caseiv) N D CandN c C. ThenC < N.

Note that the logical tree in Figure 1 (b) is constructed
using this Join algorithm.

Leavealgorithm works as follows. The logical tree is
also reconfigured when a receiver leaves a session. A re-
ceiver wishing to leave a session notifies its parent. The
parent,P, adopts the children of the leaving receiver as im-
mediate children, and orders them to change their parent to
P. Duetofailures, a receiver may leave the tree without no-
tifying its parent. This results in its children detached from
the tree. When the children become to find out that their
garent does not exist, they join the group as tentative chil-
dren of the source. Afterward, Join algorithm is processed
again until the children find a right parent.

When a mobile host joins as a receiver and it is the first
one in the cell, it requests its corresponding ARMM to per-
form Join algorithm and thus to join the logical tree on be-
half of the mobile host.

The proposed scheme also allows a mobile host to be a
sender. Since a mobile host itself does not participate in a
logical tree, fixed hosts and other ARMMs should be noti-
fied that the mobile host is represented by its corresponding
ARMM as they join the session. We refer to this notifica-
tion asbinding This makes it possible that the mobile host
transparently behaves as a sender while its ARMM plays a
root of a logical tree on behalf of it for error recovery. The
binding is also used when a mobile host roams from one
cell to another. In Section 4.5, the binding procedure will
be described in detail.

Based on these definitions, a logical tree is being formed4.1.3. Reconstruction of logical trees adaptive to host

as follows. A newcometV, in a session is first attached to
the tree as &entativechild of the source$, by informing
the source of its IP address. We assume that the newcome

mobility. As a mobile host as a sender or a receiver of a
multicast group moves to a different cell in a mobile net-
n&/ork, its corresponding ARMMs may need to join or leave

are aware of the multicast group address and the source adthe session. When a mobile host MH leaves the current cell,

dress. The newcomé¥ feeds its error bitmap back to the

the corresponding ARMM, A1, notifies the session of this



event. Al also checks if there remains any other mobile hostif all of its children have received the packet sent to them
in the cell belonging to the same session. If so, Al contin- as it receives positive acknowledgments from its children.
ues to stay in the session and the logical tree. Otherwise, itThen it releases the buffer space assigned for the packet.
performs Leave algorithm thus leaves both the session andNote that a positive acknowledgment need not be sent per
the logical tree. packet since it mainly concerns buffer management. In fact,
When MH moves into a new cell, a new ARMM, A2, in our scheme positive acknowledgments can be fed back
will join the session and be attached to the logical tree if along with transmission of error bitmap information that is
no mobile host in the cell has joined the session before. Atsent periodically for the construction and maintenance of
first, A2 will be adopted as a child of the parent of AThe logical trees.
parent then checks the error bitmap of A2 to further find a  Negative acknowledgments ensure timely recovery of
proper position of A2. If there exists a child of the parent lost packets. Each node sends a negative acknowledgment
such that the child A2, a similar procedure to Case iii) in  to its parent immediately detecting a gap in the received
Join algorithm will be performed. If the parent finds titat ~ packets, and sets a timer for the packet. When the par-
relationship with A2 is no longer valid, it requests its logi- ent receives a negative acknowledgment, it unicasts the lost
cal parent to locate a new position of A2. This will repeat packet to the requester if it has the packet. This process
upward the logical tree until a node havimgrelationship repeats if the timer expires without receiving the repair
with A2 is found. Then, Join algorithm will be performed packet. The timeout implies that either a negative acknowl-
again at the node downward the tree. A2 also sends a bindedgment or retransmission is lost.
ing message telling that it will act on behalf of MH1. Incase  The proposed scheme allows only for unicast retransmis-
that the mobile host is a source of multicast, Al-rooted log- sion from a parent to a child in a logical tree. Although uni-
ical tree should be changed into A2-rooted logical tree. For cast retransmission has a weakness in that one retransmis-
smooth change, the children of Al are first attached to thesion can repair only one requester, it helps greatly reduce
child nodes of A2 and other descendants of Al participate overall bandwidth consumption for error recovery since the
in the logical tree with the same parent-child relationship as retransmitted packets follow near-optimal recovery paths in
in the previous Al-rooted logical tree. Later by exchang- the corresponding logical tree. Recall that the near-optimal
ing error bitmap information, the nodes may reconstitute logical tree is ascribed to Join/Leave algorithm.
more optimal logical tree. If one or more mobile hosts have  The acknowledgment and unicast retransmission de-
been already staying in the session at the time of handoff,scribed above is applicable only to fixed hosts. Should fixed
no work is needed except the transmission of binding mes-hosts retransmit lost packets to mobile hosts in the same
sages regardless of whether the mobile host is a source or aanner, that is, via unicast, they would suffer from what we
receiver. call the retransmission route non-optimality problem. The
The main advantage of binding multiple mobile hosts to unicast packet should get first to the home agent of a mobile
a single ARMM is that only the ARMM is involved with the  host and then be passed to the foreign agent of the current
corresponding logical tree. Another advantage is that theforeign network and lastly to the mobile host. Itis due to tri-
handoff of mobile hosts does not always entail join/leave of angular routing in mobile IP [12]. Consequently we need to
ARMM and thus reduces messaging overhead - such as exput in force a different method of retransmission for mobile
change of prune/graft messages - in an underlying multicasthosts.
routing protocol due to this join/leave. A careful reader will Mobile hosts themselves in fact do not join the logical
notice that the enforcement of Join/Leave algorithm both in tree for error recovery. Detecting a loss of a packet (identi-
initial construction of logical trees and in adaptive recon- fied by gaps in the sequence numbers of packets received),
struction of those trees depending on host mobility clearly the mobile hosts send their own negative acknowledgments

addresses the irresponsive logical tree problem. to the corresponding ARMM. Receiving negative acknowl-
edgments, the ARMM requests for the packet if it has not
4.2. Retransmission via ARMM detected the loss yet. If it has already received the packet

and keeps the packet still in its buffer, it is ready to retrans-

The proposed scheme, as a generic tree-based reliabl@it the packet. It multicasts the packet using link-level
multicast protocol, requires each node in a logical tree to beMulticast so that multiple mobile hosts who experience the
responsible for its children and to depend on its parent for Séme loss can be repaired by the single multicast packet.
reliable packet delivery. Each node feeds two kinds of con- 1he repair packet is emitted immediately at the receipt of
trol information back to its parent, i.e., positive acknowl- 2lt is possible in a worst case that the ARMM has already reckitie

edgment and negative acknowledgment. Each node checksacket but it has released the packet from the buffer sindgilenbosts
having already joined the cell have also received the paaketessfully

1This is different from the case of a fixed host other than ARNWMich before new one joins the cell. This case will be deferred dterl discus-
is attached to the tree as a child of the source. sion.




the negative acknowledgment. works if we assume failure-free environments. A node can
In case that the source of a multicast group is a mobile safely discard a packet if it receives positive acknowledg-
host, unicast retransmission from the mobile host to its cor- ments from all of its children. However, with such a buffer
responding ARMM will be done if the ARMM experiences management mechanism alone, we cannot provide mobile
losses. The rest of receivers never contact directly the mo-hosts with message stability.
bile host to request for retransmission. They contact the
ARMM instead. The mobile receivers who are in the same 4.4.1. Receiver message stability. We do not allow
cell as the source get repair services from the ARMM via ARMM to discard packets even though it receives positive
multicast retransmission. acknowledgments from all the corresponding member mo-
To summarize, retransmission route optimality in the bile hosts in the cell. It should keep the packets until it
proposed scheme comes out twofold. One is optimizationis confirmed that the mobile hosts will have eventually re-
of a recovery path between fixed nodes in a logical tree byceived the packets. Suppose that a source of a multicast
approximating the tree as close to the corresponding undergroup sends packets with sequence numbers from 1 and a
lying routing tree as possible. The other is elimination of mobile host MH hands off from the cell C1 to the cell C2.
triangular routing in retransmission to mobile hosts by di- Suppose that A1, C1's ARMM, has received packets up to
viding a single retransmission into two steps: unicast re- ! but MH receives packets from 1 foin C1. Suppose also
transmission from a fixed host to an ARMM and multicast that Al gets the acknowledgement of the packets um to

retransmission from the ARMM to mobile hosts. from all of its mobile hosts including MHn¢ < k& < I).
Thus Al retains the buffer space for packets with sequence
4.3. Tree maintenance by ARMM numbers fromm + 1 to . Then there exist two cases to

consider due to handoff.

ARMM should maintain the information on its mobile
hosts and update the information if necessary. The infor-
mation is fed by the binding protocol (explained in Sec-

tion 4.5). ARMM also feeds back periodically its own er- A2, C2's ARMM, joins the session immediately when it
ror bitmap to logical parents and processes error bitmapsfings that the new mobile host MH has moved into its cell.
from its logical children to cope with the changes in the at thattime MH has already joined the session (remote sub-
fixed part of the combined networks. The changes in- scription). Suppose that MH receives the first packet with
clude the join/leave of fixed hosts or other ARMMs and the sequence number and A2 receives the first packet with
change in the underlying multicast routing tree. As mobile sequence numberwherep < g. MH requests to A2 for
hosts join and leave a cell, the corresponding ARMM is in- packets fronk + 1 top — 1. In the request, MH also loads
volved with the reconstruction of a logical tree by perform- formation that its previous ARMM was Al. Receiving
ing Join/Leave algorithm. _ the request, A2 will resort to Al since it does not have those
The tree maintenance by ARMM on behalf of its cor- packets. A2 sends to Al a request packet contaikiagd
responding mobile hosts has two distinguished advantagesq_ Al then hands over the packets frdm 1 to ¢ — 1 to
One is that by abstracting a group of mobile hosts into a sin- A2 and discards the packets from memory. Until the com-
gle ARMM, we can reduce logical tree maintenance over- pietion of hand-over of those packets, Al is not allowed
head as much as the number of such hosts. The other is thap |eave the session even if no mobile host resides at C1
mobile hosts with low computing power are not directly in- any longer. A2 relays those packets to MH via unicast. If
volved with logical trees and less processing burden is im- more than one mobile host has roamed to C2, multicast re-
posed on them. lay of missing packets would be more desirable since mul-
tiple mobile hosts can receive the packets at one time.

Case i) ARMM in the new cell has not yet joined the ses-
sion.

4.4, Message stability
Case ii) ARMM in the new cell is already a member of the
A multicast packet is called stable if it is received by session.
all of the receivers of multicast. If an unstable packet is
discarded from the buffers of all other members in the ses-
sion including the source of multicast, the receivers that has
not yet received the packet would be in deadlock. In other  3in general, which of unicast or multicast relay we shouldagteomay

words, they would request continuously for the packet that depend on which of processing power of mobile host or wisdtemdwidth

: is more important. Multicast relay consumes sparinglyeatitarce wire-
does .nOt eXIS.t.any Ionger. less bandwidth with other hosts being redundantly exposéidet packets
Using positive acknowledgments for buffer management e unicast relay avoids host exposure at the redundanbtiwireless

is sufficient for tree-based reliable multicast in fixed net- bandwidth for the same packet.

Receiving the first packet with sequence numbier C2
and detecting the gaps, MH will request to A2 for the pack-




ets fromk +1top — 1. In the request, MH1 loads informa- ton. Thus Al should hand over the packets it has received
tion that its previous ARMM was Al. At that time, A2 has but has not yet acknowledged (frdm- 1 to m) to A2 via a
already received packets befgreSuppose that A2 retains  binding procedure. A2 will receive the packets fram+ 1
packets fromy + 1 to r in memory. Ifr is less than or equal  ton directly from MH. Al should act as the root of the pre-
to k, then A2 tells Al that it can release memory space for vious logical tree up to sequence numband therefore is
the packets fromm + 1 to! since A2 will eventually receive  not allowed to leave the tree until the packets up to sequence
those packets later and thus send them to MR i§ less number are delivered stably even though no mobile host is
thanr andgq is less than or equal to, it again informs Al attached to itself.
that it can safely discard the packets since A2 has already
received the packets and still keep them in buffer. Finally if 4.5 Binding Protocol
k is less tharr andk is less tharg, it has no choice but to
resort to Al. This ha_ppens when A2 has already received A binding between an ARMM and a mobile host means
the packets but has just deleted them because all the pre; : :

: . . that the ARMM acts as a proxy in logical trees for the
vious mobile hosts had successfully received those packets

. . : . mobile host. A binding can be thought of as a function
since A2 retains packets with the sequence number startmqrom the set of mobile hosts to the set of ARMMs. As it

from g + 1. Al should hand over the packets frégm- 1 to . o :
. : . . will become clear, our binding protocol is closely related to
g to A2. Again, Al is not allowed to leave the session until . L
sender/receiver message stability.

the completion of hand-over. Then A2 sends those pack- When MH hands off from C1 to C2, it may know the

ets to MH via unicast or link-level multicast according to a fact in two ways. First, each ARMM periodically sends an
chosen policy. . L ) .
o advertise message telling its existence so that a mobile host
In both cases, a key point is how we can make Al keep may detect handoff upon receiving the message. Second,
the missing packets. We must not let Al leave the logical mgpile IP software at a mobile host, knowing the hand-off
tree and delete all the information about the session or allyiz 3 well-defined method [12], signals the fact to reliable
the packets that are received by Al but not acknowledgedy, iticast software - typically implemented at transport or
(the packets from sequence numbet 1) eventhoughMH  gppication layer - at the mobile host. When MH knows
was the last one that stayed in C1. We do not allow the leavenand-offin either way and receives a multicast packet in the
of Al until Al receives either an expliditEAVESESSION  new cell for the first time, it sends A2BIND_.REQUEST
message from MH or a message from A2 requesting for message containing information on its previous ARMM
hand-over of missing packets (thisB8ND-QUERYmes-  and some sequence numbers. The sequence numbers are
sage that will be described in Section 4.5). ss, rs(j), andns(j). ss is the maximum sequence num-
ber until which MH has sent successfully to Al - that is,
4.4.2. Sender message stabiliWhen a source of mul-  has received acknowledgments,(j) is the maximum se-
ticast is a mobile host, the provision of stable delivery of quence number until which MH received successfully for
packets from the source to fixed or mobile hosts is much each multicast sourcg ns(j) is the sequence number of
easier. Let the source mobile host MH send packets withthe packet that MH firstly receives in C2. For the simplic-
sequence numbers from 1 toto a session while it stays ity of description we consider MH as a sender and a re-
in C1 and then move from C1 to C2. Suppose that at thatceiver only for the sourcein the following discussion. A2
time Al has received from MH the packets from 1o sends AIBIND_QUERYmessage containings(s), rs(s),
and has sent acknowledgments for the packets frothido  ss and some more sequence numbers necessary for message
MH (I € m < n). Suppose also that Al has received ac- stability as explained in the previous section. Receiving
knowledgments from all its logical children for the packets BIND_QUERY Al knows that it should behave as a source
from 1 tok (k < I). When MH moves into C2, it resumes of a logical tree up to the sequence numéerlt also sends
emitting packets from sequence numhet 1. A2, know- A2 BIND_OK message containing all the received packets
ing that the previous ARMM of MH was Al and MH has emitted by MH from the sequence numbssr+ 1 to the
received acknowledgments from Al upitby the binding maximum of retained packets at the time of hand-off and
procedure, sends a message containing that information tall the received packets emitted by the sourd®it missed
Al. Then Al informs the session that all the acknowledg- by MH due to handoff. ReceivinBIND_OK, A2 multicasts
ments for packets up foshould be fed back using the cur- to the whole sessioBIND message telling that MH is en-
rent logical tree and a new logical tree rooted at A2 should gaged with itself from the sequence numbes- 1.
be constructed for the packets frém 1. In the new logical Upon receivingBIND messages, the members in the ses-
tree, only the root is changed from Al to A2 as described sion behave as follows. If A2 joins a tree as a root for the
in Section 4.1.3. Since MH resumes transmitting packetsfirst time, the members which were the children of Al in the
fromn 4+ 1in C2, A2 may not have the packets frdm 1 previous logical tree for the source s are attached to a new



logical tree as tentative children of A2. Other members cre- We assume that the fixed part of networks do not change
ate an entry for the new root A2 by copying the information in routing. The link latency is assumed to be constant,
on regional part of the previous tree. If A2 already par- whose value is obtained randomly from a uniform distribu-
ticipates in a logical tree because other source mobile hostdion U[0.02, 0.03]. Packet loss probabilities at each wired
have previously existed in the cell, other members need onlylink are identical, and the value is randomly chosen from a
to add information that A2 will manage MH too. For both uniform distribution U[0.01, 0.1]. If the packet loss prob-
cases, all the member nodes in the new logical tree shouldability at the link isp, each packet is lost at the link with
send acknowledgments for packets fresm- 1 to their own the same probability, without being affected by factors
parents again even though they have already sent the samsuch as bursty loss. Given packet loss probability at each
acknowledgments along the old logical tree. This ensureswireless link is set tavp (w is simply set to 2). The timer
sender message stability. value for resending NACK is set close to the round-trip time
After sendingBIND messages, A2 as a receiver either between a requester and a retransmitter.
participates in a new logical tree as a child of the parent of Multicast group model. For a given session, one node is
Alif A2 joins the tree for the first time, or adds MH to a list  selected as a source and programmed to multicast packets
of the mobile hosts which it should manage in the existing at a constant rat& (set to 10 packets per one time unit)
logical tree if A2 has already participated in the logical tree. during the lifetime of the session. Tot&l members are se-
Since Al hands over the packets that it has received but hasected and placed randomly at nodes of the sample network.
not yet received acknowledgments for from MH, A2 can AmongN membersK members are mobil®(< K < N).
take over the management of MH without hurting receiver Two kinds of multicast sessions are simulated at each run:
message stability. one with a fixed source and the other with a mobile source.
Recall that even if A1 has no mobile hosts to manage af- Mobile hosts, either a source or receivers, follow a host mo-
ter MH left the cell, Al should not leave the session imme- bility model described below. We assume static member-
diately. It should check if it has received the acknowledg- ships. Although our scheme allows for graceful join/leave
ments for the packets up to sequence number ss for sendgprocedure, we do not evaluate membership dynamics in this
message stability. Similarly for receiver message stability, it paper.
also should make sure that it has handed over all the packetsiost mobility model. A mobile host begins simulation
that A2 misses. After the procedures for messages stabilityin a home cell of the sample network and moves at ran-
complete, Al senddNBIND(A1, MH)message to the ses- dom around to/from its adjacent cells. When the mobile
sion, leaving the session and the logical tree. host hands off, it is assumed to move to each adjacent cell
equiprobably. Giverc adjacent cellsp; (probability of
handoff to a adjacent cell) i/c. Handoff time denoted
by T, is delay from the start of handoff of a mobile host to
the end T}, is set to 0.5). After handoff, the mobile host
In this section we evaluate the performance of the pro- resides in a new cell during inter-handoff tiriflg,. This is
posed scheme by a comprehensive simulation and comparéme taken for a mobile host to remain in its current cell un-
it with a static tree-based reliable multicast scheme (similar til moving into another cell. It is exponentially distributed

5. Performance evaluation

to RMTP [1]). with the meari/\;;,. Therefore, how long the mobile host
has resided in a cell without handoff in past has no influ-

5.1. Simulation model ence on how soon it will leave the current cell (memory-less
property).

The simulation model consists of network model, host ) )
mobility model and multicast group model. Based on the 9.2. Simulation results
models described in the following, multicast sessions are
simulated using our event-driven simulation program [16]. The numbers in the legends in the figures below repre-
Network model. For each simulation run, a sample net- sent the scenario: 1 for one with a fixed source and 2 for
work topology is generated using GT-ITM [17][18]. The one with a mobile source, respectively. M in the legends
network size grows up té& nodes L is set to 100). Each means that the value is for mobile nodes only. For descrip-
node is a multicast router. Members in a multicast sessiontion, we denote our scheme as ARMM and the static tree
attach themselves at each node (in real world member hostgpproach as NAIVE.
reside in the subnet of the multicast router). More than Interesting performance measures in our experiments are
one member, either fixed or mobile, can be placed. Mobile average implosion, average exposure, average delay, and
agents are assumed to be co-located statically at multicasaverage stability time. Average implosion counts how many
routers. times on average control packets for a data packet pass over
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Figure 3. Scaling characteristics with session Figure 4. Scaling characteristics with number
size: p=0.02, X=10, 1/A=50, K=N/2. of mobiles: p=0.02, X=10, 1/A=50, N=80.

yedgments to those mobiles which are sent over triangular

the network links. Average exposure represents how man - .
times on average data packets, both transmission and re,EOUteS' Average exposure in Figure 4 (b) can be explained

transmission, pass over the network links. Average delay is'n @ Similar manner. In Figure 4 (c), NAIVE has higher av-
the average of time taken for hosts to receive a packet. Av-€'29€ delay (of both fixed and mobile hosts) again for the

erage stability time is the average of time taken until all the same reason. Average delay fo_r mob||es'rema|n almqst un-
members in the session successfully receive a packet. changed as the number of mobile nodes increases. Figure 4

: . (d) shows average stability time for mobiles, which linearly
Figure 3 illustrates how well ARMM and NAIVE scale

ith ih ber of . b We i h increases in both cases.
wi € NumDbEr of Session MEMDErs. YVe Incréase e Ses- Figure 5 shows the influence &f/ A;5, the ratio of trans-

sion sizeN up to 80, with the ratio of the number of mobile mission rate to handoff arrival rate. The experiments were

members to the session size fixed to 1/2. Figure 3 (a) showsConducted by varying/Ais. The higher value ofX /A

Fhat: atl\r:eraﬁe |mplo|i|on mcre;ses I;ne;arly ;V'ih St?SIISIOhn Sk'lzemeans that handoff occurs less frequently. The influence is
In both Schemes. However, the rate 1S substantialy NgNer, -0 510 only in the ranges of small mean inter-handoff

|tn NAI\f{E zmm{ej muchdmors_lumcgst acknowmdgr“tffflntS bg" time. This implies that inter-handoff time larger compared
ween fixed nodes and mobiie Nodes or among MobIie N0AE], yansmission rate has little impact on protocol perfor-

suffer from triangular ro_uting. Eigure 3 (b) ilusirates the mance. Figure 6 shows the results in networks with differ-
average exposure on wireless links. Exposure of ARMM ent link loss probability. For loss-prone networks, average

rerrﬂal?hs ?nLyNiII{t/tIIEe (;]hange.d a? thet session S'_Zl_i.m.c rzase elay and average stability time are higher in both schemes
while that o shows significantincrease. Thisisbe- _ 12\ in both scenarios.

cause in ARMM, retransmission is not duplicated in a cell

when more than two mobiles reside in the same cell. Note

that in NAIVE, retransmission on wireless links is dupli- 6. Concluding remarks
cated as much as the number of mobiles in the cell. Figure 3

(c) shows that the average of message delivery time has lit- Considering growing interests in mobile computing,
tle correlation with the session size while Figure 3 (d) does myjticast sessions involving not just fixed hosts but mobile
that the average of stability time has linear relation with the pgsts are anticipated to be prevalent in near future. Most
session size. But the increase rate is quite different. mobile reliable multicast protocols deal with the reliable
Figure 4 compares the scalability of ARMM and NAIVE delivery of multicast packets to mobile hosts from agents
with the number of mobile members. Figure 4 (a) shows while an existing reliable multicast protocol is used sepa-
that average implosion of NAIVE is much severer than that rately for fixed hosts. Due to host mobility, there may hap-
of ARMM in both scenarios. This is because as the num- pen frequent joins and leaves of the agents. Overall perfor-
ber of mobiles increases, so does the number of acknowl-mance of reliable multicast in a combined host environment



Figure 5. Impact of inter-handoff time: p = Figure 6. Impact of link loss probability:
0.02, X=10, N =80, K=40. X=10, 1/A=50, N = 80, K=40.
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