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Abstract

Local recovery approaches for reliable multicast have
the potential to provide significant performance gains
in terms of reduced bandwidth and delay, and higher
system throughput. In this paper we ezamine two lo-
cal recovery approaches — one server—based, and the
other receiver—based, and compare their performance.
The server—based approach makes use of specially des-
ignated hosts, called repair servers, co-located with
routers inside the network. In the receiver-based ap-
proach, only the end hosts (sender and receivers) are
tnvolved in error recovery. Using analytical models,
we first show that the two local recovery approaches
yield significantly higher protocol throughput and lower
bandwidth usage than an approach that does not use lo-
cal recovery. Nezt, we demonstrate that server—based
local recovery yields higher protocol throughput and
lower bandwidth usage than receiver—based local re-
covery when the repair servers have processing power
slightly higher than that of a receiver and several hun-
dred kilobytes of buffer per multicast session.

1 Introduction

Reliable multicast is required by many applications
such as multicast file transfer, shared whiteboard, dis-
tributed interactive simulation and distributed com-
puting. These applications can potentially have sev-
eral thousands of participants scattered over a wide
area network. Even though current multicast net-
works provide efficient routing and delivery of packets
to groups of receivers, they are lossy and do not pro-
vide the reliability needed by the above applications.
Designing scalable approaches and architectures for
reliable multicast that make efficient use of both the
network and end-host resources is a challenging task.

Local recovery approaches for reliable multicast, in
which a network entity other than the sender aids in
error recovery, have the potential to provide significant
performance gains in terms of reduced bandwidth and
delay, and higher system throughput. In this paper,
we examine and compare two different local recovery
approaches, one requiring additional processing and
caching inside the network and the other based only
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on end-to—end means. The first approach, termed
server—based local recovery, makes use of specially des-
ignated hosts, called repair servers, co-located with
routers inside the network. Each repair server serves
the retransmission requests of receivers in its local area
by transmitting local repairs. The repair servers them-
selves recover lost packets from either higher level re-
pair servers or the sender. Co-locating repair servers
with routers is functionally equivalent to placing re-
pair services at the routers and can be accomplished
using active networking mechanisms [10].

In the second approach, termed receiver—based lo-
cal recovery, there are no designated repair servers;
only the end hosts (sender and receivers) are involved
in error recovery. This approach dynamically selects
a receiver within a local geographic area to supply the
repair, whenever local recovery of a lost packet is at-
tempted.

We analyze the protocol throughput and the net-
work bandwidth usage of the above two local recov-
ery approaches in the face of spatially correlated loss.
We first show that local recovery yields higher proto-
col throughput and lower bandwidth usage than ap-
proaches that do not use local recovery. Next we com-
pare the performance of the two local recovery ap-
proaches. We demonstrate that server—based local re-
covery yields higher protocol throughput and lower
bandwidth usage than receiver—based local recovery
when the repair servers have processing power slightly
higher than that of a receiver and several hundred kilo-
bytes of buffer per multicast session.

The remainder of this paper is structured as fol-
lows. In Section 2 we examine the existing work on
local recovery. In Section 3 we present the two local
recovery approaches. Section 4 contains our system
model. Section 5 contains the throughput and band-
width analysis of the two local recovery approaches.
We compare the performance of the server—based and
the receiver—based approaches in Section 6. In Section
7 we size the repair servers. Conclusions and directions
for future work are contained in Section 8.

2 Related Work

Many researchers have recently proposed differ-
ent approaches for local recovery. These include
SRM (with local recovery enhancements) [2], LGC [3],



TMTP [14], LORAX [7], LBRM [4] and RMTP [8]
and can be broadly classified as follows. LBRM and
RMTP are server—based, SRM with local recovery en-
hancements is receiver-based with randomized local
recovery, and TMTP and LORAX are receiver—based
with logical tree-based recovery. LGC is a hybrid of
the logical tree-based approach and SRM. Our focus,
in this paper, is on the first two approaches.

Our work is the first to analytically compare the
throughput and bandwidth usage of the repair server
(or designated host)-based and receiver-based local
recovery approaches. Previous throughput analyses
have focused on comparing sender—oriented versus
receiver—oriented protocols that do not use local recov-
ery [9, 11, 5] and comparison of logical tree-based local
recovery with other non—local recovery approaches [7].
In our work, we consider a richer loss model [13] and
also look at bandwidth usage besides processing costs.

3 Protocol Descriptions

We present server—based and receiver—based ap-
proaches to local recovery for reliable transmission of
data from a sender to multiple receivers. Both ap-
proaches are NAK-based. The server—based approach
places much of the burden for ensuring error recov-
ery on repair servers placed inside the network. In
the receiver—based approach, the error recovery bur-
den is shared among the sender and the participating
receivers. In this section we assume that mechanisms
are available for scoping multicasts within a “local”
region. Some mechanisms for accomplishing this are
listed in [6].
3.1 A Server—Based Local Recovery Pro-

tocol

We now describe a generic server—based reliable
multicast local recovery protocol, L1, that assumes the
presence of a repair tree. This repair tree is the phys-
ical multicast routing tree constructed by the routing
protocols with repair servers co-located with routers?®.
The receivers recover lost packets from repair servers
and repair servers recover lost packets from either up-
per level repair servers or the sender. Protocol L1
exhibits the following behavior:

e The sender multicasts packets to a multicast ad-
dress A that is subscribed to by all receivers and
repair servers.

e On detecting a loss, a receiver, after waiting for
a random amount of time, multicasts a NAK
to the receivers in its neighborhood and the re-
pair server (for the purpose of NAK suppression
among receivers inside the neighborhood), and
starts a NAK retransmission timer. If the re-
ceiver receives a NAK from another receiver for
this packet, it suppresses its own NAK and sets
the NAK retransmission timer as if it had sent
the NAK.

e On detecting a loss, a repair server, after waiting
for a random amount of time, multicasts a NAK

1 This repair tree is different from the logical repair tree con-
structed, on top of the multicast routing tree, by the reliable
multicast approaches described in [7, 14].

to the sender (or its upstream repair server) and
the other repair servers at the same level in the
tree (for the purpose of NAK suppression among
repair servers) and starts a NAK retransmission
timer. While waiting to send out a NAK for the
lost packet, if the repair server receives a NAK
for the same packet from another repair server,
then it suppresses its own NAK and sets the NAK
retransmission timer as if it had sent the NAK.

e If a repair server has the packet for which it re-
ceived a NAK from a member of the group for
which it is responsible, it multicasts the packet
to the group. Otherwise, it starts the process of
obtaining the packet from the sender (or its up-
stream repair server) if it has not already done so
(as described aboveg

e The sender, on receiving a NAK from the repair
servers, remulticasts the requested packet to all
the receivers and repair servers.

e The expiration of the NAK retransmission timer
at a repair server (or a receiver) without prior
reception of the corresponding packet serves as
the detection of a lost packet for the repair server
(or the receiver) and triggers the retransmission
of a NAK.

We end this section by distinguishing between a
log service and a repair service. A log service, as men-
tioned in [4], provides secondary storage for packets
transmitted from the sender. The entire data is stored
at the log servers for repairs and “late—comers.” Log
service should be distinguished from the repair ser-
vice, particularly if the repair servers are considered
network resources that will be shared over several mul-
ticast sessions. Logging entire multicast sessions at
these repair servers may not scale with the number of
multicast sessions because of the storage requirement.
In our work, we consider storing only the “recent” data
at the repair servers for the sole purpose of providing
quick repairs.

3.2 A Receiver—Based Local Recovery
Protocol

We now describe a receiver—based protocol for lo-
cal recovery, that does not assume the presence of re-
pair servers in the network. This protocol, termed
L2, is a generic version of SRM [2] with local recov-
ery enhancements. In L2, loss recovery is performed
at two levels. At the first level, a receiver tries to
recover packets locally from within its local neighbor-
hood. A receiver’s local neighborhood consists of all
the receivers in the subtree (of the multicast routing
tree) emanating from its nearest backbone router at

the edge of the backbone?. If the receiver is unsuccess-
ful in recovering the packet locally, it tries to recover
packets from the sender. We refer to this as “global
recovery.” Each receiver alternates between local and
global recovery until it receives the missing packet.
Protocol L2 exhibits the following behavior

2This definition and other definitions of local neighborhood
can be found in [2].



e the sender multicasts all packets on address A
which is subscribed by all the participating re-
ceivers.

e on detecting a loss, a receiver waits for a random
amount of time and multicasts a local NAK ad-
dressed only to receivers in its neighborhood and
starts a local NAK retransmission timer (first—
level recovery); if the receiver does not receive
the lost packet before the local NAK retransmis-
sion timer expires, it waits a random amount of
time, multicasts a global NAK to address A and
starts a global NAK retransmission timer (global
recovery). If the receiver does not recover the
lost packet before the global NAK retransmission
timer expires, it restarts the local recovery.

e on receiving a local NAK for which it has the as-
sociated packet, a receiver multicasts the packet
only to its neighborhood; before sending this re-
pair packet, a receiver waits for a certain random
amount of time and suppresses its own transmis-
sion if another receiver sends out the repair packet
in this time. On receiving a global NAK for a
packet, a receiver suppresses its own NAK if there
is any.

e upon receiving a global NAK, the sender multi-
casts the packet to A.

The above protocol attempts to ensure that only
one NAK and only one repair are generated at either
recovery level. Unlike SRM [2], L2 generates global
repairs only from the sender thereby avoiding the risk
of multiple global repairs. In SRM, receivers and the
sender use a random back-off strategy to generate a
repair. Here all receivers and the sender “ listen” for
a repair. If they do not receive the repair within a
certain time then they generate a repair if they have
it. Note that a repair has to be processed at each node
whether it is sent or received. Hence the overhead of
processing a global repair under SRM and L2 will be
comparable. For local recovery, no particular host is
likely to have the repairs and hence, as in SRM, L2
uses a random back-off strategy for generating local
repairs. As described above, protocol L2 is easily gen-
eralized to multiple levels of recovery.

4 System Model

In this section we present the network loss and
system model that will be used for the performance
analysis of protocols L1 and L2. In [13] Yajnik et al
have observed that most losses take place in the links
from the source site to the backbone (we call this the
source link) and in the links (called “tail links”) from
the backbone to the individual sites (termed stub do-
mains in [1]), as shown in Figure 1. The backbone and
the individual sites have been observed to be mostly
loss free. It has also been noted in [4] that tail links
are likely to be bottlenecks for the foreseeable future.
Hence in our loss model we consider loss only at the
source and tail links. We also assume that loss events
are temporally independent. Let the loss probability
in the source link and each tail link be p;. The end—to-
end loss probability as seen by a receiver, p, is equal
to 1—(1—p;)?. We also assume that NAKs are never
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Figure 1: System Model

lost. This assumption could be relaxed by following
the analysis given in [12].

Let there be one source link and T tail links where
each tail link has several receivers. Let each upstream
backbone router at the edge of the backbone have k
tail links. The number of such backbone routers, W
is equal to T//k. We assume that communication be-
tween two receivers on different tail links takes place
only through a backbone router(s). Direct site-site
links (termed stub-stub edges in [1]) are likely to be
very rare.

The above loss model has implications on the place-
ment of repair servers inside the network. To be able
to take advantage of local recovery, a repair server
should be both upstream of and as close to the point
of loss as possible, hence they should be placed with
routers at the edge of the backbone. Figure 1 shows
the placement of repair servers.

We end this section by noting that for the sys-
tem model two—level recovery is sufficient for protocol
L1. Also, the multicast address for NAK suppression
among receivers in L1 is chosen such that only re-
ceivers within a tail participate in NAK suppression.
Since receivers within a tail see the same loss, each
receiver processes a NAK only when it losses the cor-
responding packet. Each site sends only one NAK to
the repair server per loss.

5 Performance Analysis

In this section we analyze the end system processing
and network bandwidth requirements of protocol L2.
The analysis of L1 is simple (see [6]), and is omitted
here for the sake of brevity.

Following the approach first suggested in [9], the
receive processing cost (time) is determined by com-
puting the total amount of processing involved in cor-
rectly receiving a randomly chosen packet. This in-



cludes the time required to receive those copies of this
packet (i.e., the original copy plus any retransmis-
sions) that arrive at the receiver, the time required
to send/receive any NAKs associated with this packet
and the time needed to handle any timer interrupts
associated with this packet. The send processing cost
is determined by the total sender processing involved
in correctly transmitting a packet correctly to all the
receivers. This includes the cost required to process
any received NAKs, and process retransmissions that
are sent out in response to these NAKs.

Xp — time to process the transmission of a
— packet

n — time to process a NAK at a sender
— time to process a newly received packet
— time to process a timeout
— time to process a NAK at a receiver
end-to—end loss probability at a receiver
— source link or tail link loss probability
— total no. of tail links
— number of tail links per backbone router
— number of transmissions from the sender
for all receivers to receive the packet
correctly if there were no local recovery
number of transmissions from the sender
for all receivers in a local neighborhood
to receive the packet correctly if there
were no local recovery
number of transmissions from the sender
to ensure that at least one receiver in each
neighborhood receives the packet correctly
number of transmissions from the sender
to ensure that at least one receiver in a
neighborhood receives the packet correctly
if there were no local recovery
number of transmissions (global or local)
required for any receiver r to correctly
receive a packet
send and receive per packet processing
time in protocol w € {L1, L2}

M, -

Xy

Table 1: Notation

Our bandwidth measure is total bandwidth usage?
defined as the total number of bytes sent per successful
packet transmission along all of the links to all the
receivers.

5.1 Processing Cost Analysis

We now derive expressions for sender and receiver
processing requirements for protocol L2. Table 1 de-
scribes the notation used in the analysis, some of
which has been reintroduced from [11, 5]. We assume

31In [6] we have also looked at another bandwidth metric.

that processing times are arbitrarily distributed and
independent of each other. We assume that the re-
quired processing times required to send and receive a
packet are the same (it has been observed in [5] that
they are almost the same). We also make the opti-
mistic assumption that only one retransmission is gen-
erated per NAK during local recovery in L2. This as-
sumption will result in lower receiver processing costs
for L2. The mean processing time at the sender for a
randomly chosen packet is

1

E[X™] (EIM']1+ E[|(M — M')/2]))E[X,] +
(E[M']+ E[|[(M — M')/2]] — 1)E[X.] (1)

The first term corresponds to processing required for
transmissions and retransmissions of the packet. This
term is made up of two parts. The first part is the
expected processing cost of (re)transmissions of the
packet so that at least one receiver in every neigh-
borhood receives the packet. The second part is the
expected processing cost of additional retransmissions
from the sender when receivers cannot locally recover
the lost packet even though it is available in the local
neighborhood. Recall that a receiver alternates be-
tween local and global recovery in that order. There-

fore, | (M — M')/2] is the number of additional trans-
missions required from the sender to ensure that all
the receivers correctly receive the packet. The second
term corresponds to the processing of global NAKs re-
ceived by the sender. The number of global NAKs is
equal to one less than the number of (re)transmissions
from the sender because only one NAK is generated
per loss due to NAK suppression®.

The mean processing time at the receiver for a ran-

domly chosen packet is

E[Y"™ (E[M']+ E[[(M — M)/2]])(1 - ) E[Y,]
+ (E[[(Mn — M,)/21)(1/k + (k — 1)(1 — p1)* /k) E[Y,]
+ (E[M'] + E[|(M — M)/2]] - 1)E[Yx]

+ (E[M,] + E[[(Mn — M,,)/2]] — 1)E[Y,]
+ (E[(M. — 2)*] + E[(M,, — 2)*])E[Y:] (2)

The first two terms correspond to the processing of
global and local transmissions, respectively, at the re-
ceiver. The third term in (2) corresponds to the mean
processing time required to send and receive global
NAKs. The fourth term is the mean processing time
required for sending and receiving local NAKs. It is

important to note here that M,’1 local NAKs are gen-
erated even before the packet is available in the local
neighborhood. The last term is the mean process-
ing time required for timer routine executions. Here,
(z)* = max{0,z}. Each term has been explained
in detail in [6]. Now, both (1) and (2) contain the

term E[|(M — M')/2]] and (2) contains the term
E[[(M,—M,)/2]]. Since random variables M and M

*Here the assumption is that NAK suppression works
perfectly.



(and also M, and M,) are not independent it is not
easy to obtain simple expressions for these expressions.

:)A}/;e bound E[|(M — M')/2]] and E[[(M, — M,)/2]]

E[[(M -M)/2]] > (E[M]-E[M])/2-1/2
E[[(Ma — M,)/2]] > (E[Ma]— E[M,]))/2 (3)

which is expected to be tight when the loss probability
is high and number of tail links is large. The rest of
the expressions required for evaluating the terms of
equations (1) and (2) are available in [6].

The overall protocol throughput for L2 is given by
the minimum of the per—packet processing rates at
the sender, AL2 = 1/E[XL?%] and the receiver, AZ2 =
1/E[Y*?]

A7? = min{A;?, A7?} (4)

A similar analysis is done (see [6]) to obtain the pro-
cessing rates at the sender, receiver and repair server
for protocol L1. Under the assumption that the re-
pair server is never a bottleneck, the overall protocol
throughput for L1 is given by the minimum of the per—
packet processing rates at the sender and the receiver.

A7 = min{AJ?, A7} (5)

5.2 Bandwidth Analysis
To analyze the bandwidth performance we consider
the network to be made up of three types of links, a
source link, backbone links and tail links. Then the
mean total bandwidth usage, denoted by B“, where
we{L1, L2}, can be expressed as,
E[B*] = E[BY]+E[B{)W + E[BIT (6)
Here E[BY?], E[By] and E[B}] are the mean band-
width usage on the source link, a backbone link and
a tail link respectively, for protocol w. For determin-
ing these quantities we need to find the mean number
of packets flowing in each of the links per successful
transmission of a packet from the sender to all the
receivers. For simplicity, we assume that the source,
backbone and tail links each consists of a single phys-
ical link. A packet is counted if it is to be offered to a
link.
The expressions for E[BY], E[By] and E[B;’] where
we{L1, L2}, can be found in [6].

6 Throughput and Bandwidth Com-

parisons

In this section we first compare the throughput and
bandwidth usage of protocols L1 and L2 with a pro-
tocol N2 [11] that does not use local recovery to es-
tablish the benefits of local recovery. N2 is a receiver
oriented protocol that uses global NAK suppression
and is shown to have the highest protocol throughput
among global recovery schemes [11]. Next we com-
pare the performances of L1 and L2. In computing
L1’s throughput we assume that the repair server has
sufficient processing power and is never a bottleneck.
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The processing power required for this to be true is
determined in the next section.

In order to compute the send and receive processing
costs we use the measurements reported in [5] for the
processing times associated with sending/receiving a
data packet and a NAK packet, and processing time-
outs. We use E[X,] = E[Y,] = 500usecs, E[X,] =
E[Y,] = 85usecs and E[Y;] = 32usecs. Here a data
packet is of size 1024 bytes and a NAK packet is of
size 32 bytes. The number of tails per neighborhood
(as defined in Section 3.2), k, and the number of tails
per repair server, are both set to 8.

Figures 2 and 3 show the higher throughput and
bandwidth reduction due to local recovery. The per-
formance of L1 is significantly better than N2. Fur-
ther, this behavior becomes more pronounced as the
number of tails, T, and the loss probability, p increase.
L2 also performs much better than N2. However, the
ratio of the throughput obtained under L2 and N2
remains equal to 2 and does not change significantly
with an increase in T or p. There is a slight reduc-
tion in the ratio of bandwidth usage obtained under
L2 and N2 as the number of tails increases. This is
because fewer packets flow in the network under L2 in
comparison to N2.
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Figure 4 shows how the ratio of the throughputs
of protocols L1 and L2 varies with 7" and p. In Fig-
ure 5, we compare the bandwidth usage of L1 and
L2. One observes that L.1 has a much higher through-
put and uses much less bandwidth in comparison to
L2. This behavior becomes more prominent as the
number of tails T' and the loss probability p increase.
The L1 sender is responsible for correctly transmit-
ting packets only over the source link. In the case of
L1 the receivers multicast NAKs only within their tail
and locally recover lost packets from the repair server.
They do not receive any unwanted global retransmis-
sions or unwanted local or global NAKs. L2 on the
other hand requires a sender to supply repairs even if
they are available in the local neighborhoods due to
failure of local recovery because of losses on tails in-
side the neighborhoods. L2 also requires local NAK
suppression within the entire local neighborhood dur-
ing the generation of local NAKs and also global NAK
suppression in the entire network during the genera-
tion of global NAKs. For these reasons the sender and
the receivers in the case of L2 do much more process-
ing in comparison to the sender and receivers under
L1 leading to higher sender and receiver throughput
under L1. This results in a higher overall protocol
throughput under L1. There appears to be an excep-
tion when p = 0.01 and T < 1000. However, this is
due to the fact that the bounds used in the analysis
of L2 (equation (3)) are loose for small p and T and
favor L2. Elementary sample path analysis shows L1
to be always better than L2.

As more data packets and NAKs are multicast to
the entire network under L2, L1 uses much less band-
width than L2.

So far we have not considered the processing costs
at the repair servers. To account for these processing
costs let us assume that the repair servers have the
same processing power as the sender and receivers.
Hence we consider E[X,], E[Y,], E[X,], E[Y,], E[Y:]
for a repair server to be the same as that for a receiver
or sender. We then find the mean total per packet pro-
cessing costs at all nodes (sender, repair servers, re-

ceivers) under protocol L1 (denoted by s{;l). We also
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find the mean total per packet processing costs at all
nodes (sender, receivers) under L2 (denoted by 552).

For both s’{’l and 352, we assume that there is only

one receiver per tail link. Figure 6 shows how sé’l/s{,’z
varies with 7" and p. It can be seen for p = 0.01 and
T < 10000, the mean total per packet processing cost
under L1 is more than that of L2. This is because
for low loss probabilities fewer packets are lost and re-
transmitted but the repair server still does the extra
work of receiving all of the packets. With the increase
in the number of tails and loss probability the mean
total per packet processing cost under L1 decreases
relative to that under L2. Noting the fact that the re-
ceiver processing cost under L1 is less than that under
L2, adding more receivers per tail will further reduce,
relatively, the mean total per packet processing cost
under L1.

In summary, we see that local recovery leads to
higher protocol throughput and lower bandwidth us-
age. While comparing two local recovery protocols L1
and L2 we note that L1 has higher sender and receiver
throughput and uses much less bandwidth. If repair
servers are not bottlenecks then we see a marked im-



provement in overall protocol throughput under proto-
col L1 in comparison to that obtained under protocol
L2. Interestingly, if we consider the repair servers to
have the same processing power as the sender and re-
ceivers then there is an overall reduction in processing
costs in the repair server based approach unless the
network is small or losses are low.

In [7], Levine et al have analyzed a receiver based
local recovery approach that constructs a logical tree
with only the sender (as root) and the receivers on
top of a multicast routing tree. Instead of special re-
pair server hosts, the non—leaf receivers take up the
task of providing repair service to its children. The
performance of this approach is very sensitive to the
branching factor of the logical tree. We extended the
analysis in [7] using our loss model and found that
the logical tree approach provides excellent through-
put and bandwidth performance when the branching
factor is very small. However, for a large number of re-
ceivers, a smaller branching factor increases the depth
of the tree resulting in longer recovery paths. This can
potentially lead to high delays. A meaningful compar-
ison of the logical tree-based approach with the two
local recovery approaches examined in this paper is
possible only by modeling the delay behavior in addi-
tion to modeling the throughput and bandwidth us-
age.

7 Sizing the Repair Servers

In the previous section the throughput of protocol
L1 was obtained under the assumption that the repair
server has sufficient processing power and is never a
bottleneck. In this section we determine the process-
ing and buffer requirements of a repair server so that
it does not become a bottleneck.

7.1 Processing Power

A repair server must perform receive—side process-
ing of packets and NAKs, and send-side processing
of repairs. Since a receiver performs more processing
than the sender under L1, we determine the processing
power of the repair server in terms of that receiver (us-
ing equations (2) and (3) in [6]). If a repair server can
match the receiver throughput then it will never be
a bottleneck in a multicast session that uses protocol
L1.

In Figure 7 we plot the ratio of the mean repair
server processing cost (assuming that it has the same
processing power as a receiver) and the mean receiver
processing cost as the end-to-end loss probability, p
is varied. A repair server needs a processing power
that is no more than 1.28 times that of a receiver for
a number of tail links per repair server equal to 8 and
for loss probabilities less than 0.25.

Thus a repair server needs only be a little faster
than a receiver to avoid becoming a bottleneck itself
for reasonable loss probabilities. This result is good
for one multicast session. If a repair server is to handle
K multicast sessions, then it has to be K time faster.

7.2 Buffer Requirements

A repair server has to buffer a set of packets in or-
der to be able to retransmit them due to losses in the
tail links. Theoretically, each packet should be held

Tails-per-Repair Server=4 ——
8 Tails-per-Repair Server=8 -+ i

Processing Ratio(Repair Server/Receiver)

L oss Probability

Figure 7: Ratio of Repair Server to Receiver Process-
ing Cost

for an infinitely long time to ensure perfectly reliable
local recovery from a repair server. Realistically, it is
possible to use a finite size buffer such that the prob-
ability of the failure of local recovery from the repair
server is extremely small. In the rare event of local
recovery failure, the lost packet should be retrieved
from the sender.

We have used simple analysis (see [6]) to deter-
mine the expected buffer requirement at each repair
server, as a function of the probability of local recovery
failure(¢). The expected buffer requirement depends
upon the delay between the repair server and the re-
ceivers, the number of tails per repair server and the
loss probability. Figure 8 shows an example of the
dependence of expected buffer occupancy (in kbytes)
on ¢ for two different end-to—end loss probabilities.
Here the maximum round trip delay between the re-
pair server and the receivers is set to 20ms and the
number of tails per repair server is set to 8.

The expected buffer occupancy at a repair server is
198 kbytes and 137 kbytes, for p = 0.25 and p = 0.05
respectively when € = 10~6. Thus a repair server re-
quires several 100 kilobytes of buffer space per multi-
cast session for reasonable loss probabilities.

8 Conclusions

We have investigated two local recovery approaches
for scalable reliable multicast. In the server—based ap-
proach, designated hosts inside the network are used
as repair servers. In the receiver—based approaches, er-
ror recovery involves only the participating receivers
and the sender. Using analysis, we demonstrated
the performance gains in using the server—approach
in terms of protocol throughput, network bandwidth
and overall processing costs. The performance gains
increase as the size of the network and the loss proba-
bility increase making the server—based approach more
scalable with respect to these parameters. We also es-
timated the processing power and buffer capacity re-
quired at the repair servers per multicast session for
achieving the performance gains.

A server—based approach could be deployed to im-
prove performance in Intranets where services requir-



200

B 180 - p;0.25 ,,,,,,

2 N

= 160 -

=

g 140 &

=3 o

g 120 -

o 100 -

E 80

g 60 L

g

a 40 1
20 : . . . .
le06 1e-05 0.0001 0.001 0.01 0.1 1

Probability of Local Recovery Failure

Figure 8: Buffer Requirement at a Repair Server

ing reliable multicast are offered. An Intranet network
provider could place the repair servers at appropriate
locations. Depending on the processing power and
buffer space that can be provided on the repair servers,
the network provider could restrict the use of repair
servers for only certain number of multicast sessions
(by assigning separate multicast addresses and limit-
ing the use of repair servers only for those addresses).
As far as the Internet is concerned, wide scale static
deployment of repair servers with sufficient process-
ing power and buffer capacity may not be easy. It
is possible that a more dynamic receiver—based ap-
proach, even with a lower performance, may be more
attractive. Given the performance improvements of
the server—based approach, it is worth studying how
to make it more dynamic and flexible. It is also worth
exploring the use of repair servers for congestion con-
trol.

Future work can proceed in the following directions.
The system model could be extended to take into ac-
count temporal correlation in the network loss[13] and
to also consider more complex topologies with hetero-
geneity. In determining the buffer requirement at a
repair server, we considered failure of local recovery
due to limiting the number of retransmissions from the
repair server. Local recovery could also fail if we relax
the assumption that every packet finds a free buffer
on its arrival at the repair server. We plan to extend
our analysis to determine the buffer requirement as a
function of the probability of local recovery failure due
to both these reasons for different buffer management
policies. Recently there has been an increasing in-
terest in reliable multicast approaches using forward
error correction (FEC). These approaches are based
on end-to-end recovery from the sender. They have
the potential to reduce network bandwidth usage. It
would be interesting to compare the bandwidth usage
of local recovery approaches with those that use FEC.
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