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Abstract
We examine the impact of the loss recovery mechanism on the
performance of a reliable multicast protocol. Approaches to re-
liable multicast can be divided into two major classes: source-
based recovery, and distributed recovery. For both classes we
consider the state of the art: For source-based recovery, a
type 2 hybrid ARQ scheme with parity retransmission. For dis-
tributed recovery, a scheme with local multicast retransmission
and local feedback processing.

We further show the benefits of combining the two ap-
proaches and consider a type 2 hybrid ARQ scheme with local
retransmission.

The schemes are compared for up to106 receiversunder dif-
ferent loss scenarios with respect to network bandwidth usage
and completion time of a reliable transfer.

We show that the protocol based on local retransmissions via
type 2 hybrid ARQ performs best for bandwidth and latency.
For networks, where local retransmission is not possible, we
show that a protocol based on type 2 hybrid ARQ comes close
to the performance of a protocol with local retransmissions.

Keywords: Reliable Multicast Protocol, Error Control, ARQ,
FEC, Performance Evaluation.

1 Introduction
Data dissemination applications such as software updates,

distribution of movies, or newspaper distribution require reli-
able data transfer from one sender to many receivers. The re-
quirements for reliable multicast communications vary widely
and several different protocol approaches are proposed to pro-
vide reliable multicast delivery. Therefore, it cannot be ex-
pected that a single approach is used for many different appli-
cation and network scenarios. Instead, it can be expected that
alternative approaches will coexist. A large number of proto-
cols providing reliable multicast services have been presented
which feature, among other differences, a large variety of er-
ror control mechanisms. Several taxonomies were presented to
classify the large number of different multicast protocols (see
[1, 2, 3, 4, 5]).

Multicast error recovery can be classified, dependent on the
participation of group members, as:
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� Centralized error recovery (CER) allows retransmis-
sions exclusively to be performed by the multicast source,
referred to also asSource-based recovery.

� Distributed error recovery (DER) allows retransmis-
sions potentially to be performed by all multicast mem-
bers. The burden of recovery is decentralized over the
whole group.

Distributed error recovery can further be sub-classified (see fig-
ure 1), since the multicast group may be partitioned into multi-
ple local1 groups. In such a case, we refer togrouped DER,
where retransmissions are performed within a local group. The
absence of local groups is described byungrouped DER,
where retransmissions are performed byany memberto the
globalmulticast group.

grouped
(global)

Error Recovery
(CER)

Centralized

(local)
ungrouped

(DER)

Distributed
Error Recovery

Multicast Error Recovery

Figure 1: Classification of multicast error recovery techniques

Existing protocols and classifications can be mapped to our
classification scheme in agreement with what their authors clas-
sified them as. Further there are no conflicts with other classi-
fications [3], [4]. RMTP [6] is a protocol based on a hierarchi-
cal structure with local groups,each with a designated receiver
that performs retransmissions. RMTP is a grouped DER pro-
tocol. SRM [7] allows retransmissions potentially by all nodes
and proposes extensions for local recovery. Hence, SRM is an
ungrouped DER protocol in our classification. In the case of
the extension it is a grouped DER protocol. In NP [8] only
the multicast source can perform retransmissions, so NP can be
classified as CER. MESH [9] is presented as a DER protocol to

1Local in the sense of neighboring in the multicast tree
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both local and global recovery.
Retransmission mechanisms can further be distinguished

whether original data or parity is retransmitted for loss repair.
Retransmission of parity, also referred to astype 2 hybrid
ARQ has excellent scaling properties for large groups, as dif-
ferent losses at different receivers can be repaired by asingle
parity packet. It leads to a significant reduction of the number
of transmissions compared to retransmission of original data
[8]. In [8] the retransmission of parities is also referred to as
integrated FEC. Since we consider in this paper only retrans-
missions, we refer to parity retransmission also as FEC2.

Based on the theory of error correcting codes [10], at the
senderparity packets are coded from the original data pack-
ets by an erasure code based on the Reed Salomon code struc-
ture: For a group ofk original packets that form atransmis-
sion group (TG for short),h different parity packets can be
coded. The reception ofanyk out of thosek + h packets is
sufficient to reconstruct thek originals. This means that when-
ever a loss of packets from a TG has occurred, the sender can
retransmit parity packets that are used at the receivers to re-
cover the lost original packets. Retransmitting parity packets
instead of the original data packets improves the transmission
efficiency, since a single parity packet can repair the loss ofany
original data packet. In particular, different data packets lost by
different receivers can be repaired with the same parity packet.

Several comparisons between generic protocols of the DER
class and the CER class exist. In [3] is shown that DER proto-
cols are superior to CER protocols concerning throughput. In
[11] a grouped DER and a modified ungrouped DER protocol
are compared and better performance is shown for the grouped
DER protocol.

The findings about hybrid ARQ type 2 [8] in the context
of multicast allow now to reconsider CER protocols. In the
following we will compare a CER protocol based on hybrid
ARQ type 2 to a grouped DER protocol with respect to the
performance in bandwidth consumption and completion time
for a reliable transfer.

We further combine the two successful approaches to a
grouped DER protocol with parity retransmissions and com-
pare it to the others.

The paper proceeds as follows: Section 2 presents our model
for the comparison and describes the protocols. Section 3
gives the analysis of bandwidth consumption of the different
approaches. Section 4 compares the different approaches with
respect to different loss scenarios. Section 5 compares the pro-
tocols for completion time. Finally, section 6 presents conclu-
sions.

2 Model
We are looking at1 : R communication and assume the mul-

ticast routing tree to be created by some multicast routing algo-
rithm. We consider temporally independent data packet loss
due to buffer overflows in network nodes of the tree. Due to

2Usually FEC means that parity is transmitted pro-actively with the origi-
nals

in the following also to link loss. The spatial loss correlation
among receivers is given by the topology of the tree model
shown in figure 2. The first tree level consists of one link,
thesource link, connecting the multicast source to a backbone
router. Loss on the source link is experienced by all receivers
(shared loss). In the second tree level we haveG backbone
links, each leading viaZ receiver links to the receivers that
are located at the leaves of the tree. Therefore the tree connects
R = G �Z receivers to the source.

...... ...

Routing node
Multicast source

DER node
Receiver
local DER group

...

...

Source link

G Backbone links

R Receiver linksZZ Z

Figure 2: Tree model.

The tree is similar to the one in [11], which is based on
loss measurements for Internet multicast [12] that showed that
loss occurs mainly on the source link and on the receiver links
and that backbone loss is negligible. Our tree model allows to
model such loss, by assigning no loss to backbone links.

Figure 2 shows the tree model for DER, whereZ receivers
connected to the same backbone link belong to onelocal
group. Each local group constitutes of a separate multicast
group and theDER node at the end of a backbone link can
perform retransmissions.

For CER the topology is the same, but only one multicast
group exists that connects all receivers to the source. Local
groups do not exist and DER nodes are just internal nodes that
only perform routing of multicast packets.

To show the influence of loss on the different tree levels, we
will examine different loss scenarios:

� homogeneous independent lossonly on the receiver links
(last hop) with packet loss probabilityp.

� heterogeneous independent lossonly on the receiver links;
In each of theG local groups a fractionfh% of theZ re-
ceivers experience high loss with probabilityph, all other
receivers experience loss with probability p.

� shared source link losswith a homogeneous loss probabil-
ity p0 on the source link and all receiver links.

Let d describe the constant time it takes to send a data packet
over any link. With our tree model the RTT between receiver
i and the source isdi = 6d, between receiversi andj of the
same local group isdi;j = 2d and the RTT between receiversi
andj of different local groups isdi;j = 4d.
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Since a large number of variations is possible within the
classes of CER and DER protocols, we examine such generic
protocols in each class, with characteristics that have been
shown to allow the highest performance for this class, up to
date. For our comparison we defined one CER protocol that
features hybrid ARQ type 2, one DER protocol that features
hybrid ARQ type 2 and one DER protocol that features plain
ARQ. We did not look at a CER protocol that features ARQ,
since existing work already showed that DER/ARQ is superior
to CER/ARQ [3].

For all three protocols we assume receiver-based loss de-
tection and negative acknowledgment (NAK). Retransmissions
are multicast. All protocols transmit an ADU consisting ofN
packets that are split into TGs of sizek packets. The trans-
missions and retransmissions can be interleaved. Interleaving
means that packets of different TGs can be transmitted intermit-
tently. This improves the protocol throughput, since the source
can use the time while it waits for feedback to transmit new
packets (see section 3).

Protocol C

ProtocolC is a CER protocol based on hybrid ARQ type 2
and feedback suppression with exponential timers [13]. Parity
packets are not pre-encoded, but are coded on demand using
the Reed-Solomon coder presented in [14].

Receiver-based loss detection assumes in-sequence delivery
of packets, to be able to gap-based loss detection

The parameters of the feedback suppression mechanism [13]
are chosen such that the expected number of feedback messages
arriving at the source is in the worst case equal to the number
of receivers in a local group in our tree model.

The transmission of a TG ofk packets is done the following
way:

The multicast source:

1. Sends thek original packets of the TG; a poll for feedback
is piggybacked with the last transmitted packet to indicate
the end of the TG.

2. If it is indicated by feedback from the receivers that less
thank packets are received by any receiver,amax new par-
ity packets are generated and retransmitted, whereamax is
the maximum number of packets missing out of the total
number ofk packets. Again, a poll for feedback is piggy-
backed.

3. Step 2 is repeated until no feedback about missing packets
is received anymore within a certain timeout interval.

The receiver:

1. Original and parity packets of a TG are buffered.

2. If k or more packets have been received, thek originals
are decoded and sent to a higher layer.

feedback for the TG is received, the receiver calculates the
number of required additional parity packets. If the feed-
back suppression algorithm decides that the receiver sends
feedback, it will multicast its feedback with the number of
missing packets (NAK).

4. Step 3 is repeated until� k packets have been received.

Protocol D1

We define D1 as grouped DER protocol that uses just ARQ.
The source is a group leader for all the internal DER nodes in
the tree model (figure 2). The internal nodes in turn are group
leaders for all the receivers at the leaves. The first transmission
is done to all receivers. Retransmissions are kept locally. A
grouped DER scheme reduces the maximum number of feed-
back messages to be handled by any group leader to the number
of group members. This holds in our model for the lower tree
level. In the upper tree level, we assume an optimal delay-less
feedback suppression mechanism to scale the number of feed-
back messages to be processed by the source to the number of
receivers in the local groups in the lower tree level.

Protocol D1 works in a store-and-forward manner. All data
first has to be received by all DERnodes on the first tree level.
Then it will be forwarded in parallel from all DER nodes to the
receivers at the leaves.3

The transmission of a TG ofk packets is done the following
way, either between source and DER nodes, or DER node and
receivers:

The multicast source/ DER node:

1. Sends thek original packets of the TG.

2. On the reception of the NAK, the corresponding packets
are retransmitted.

3. Step 2 is repeated until no NAKs about missing packets
are received anymore within a certain timeout interval.

The DER node/ receiver:

1. Original packets of a TG are buffered.

2. On the detection of a loss a NAK is sent.

3. Step 2 is repeated until the TG is received.

Protocol D2:

Protocol D2 is a grouped DER protocol using hybrid ARQ type
2. The groups are set up the same way as in D1. Protocol
D2 transmits a TG ofk packets in the same store-and-forward
manner as Protocol D1. In both steps parities are retransmitted.

3For delay considerations of reliable delivery to all receivers this is a worst
case for distributed recovery, since it is assumed that maximum delays on both
tree levels occur on one path.
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We consider Bandwidth in terms of costB of a multicast
packet4 on an average link in the multicast tree [15]. The cost
of a multicast packet in a multicast groupi is the product of the
numberMi of transmissions per packet (original and retrans-
missions) and the numberHi of links traversed. Over all local
groupsi andH = R+ R=Z + 1 links in total, our bandwidth
measure, theaverage cost of a multicast packet per linkis:

E[B] =
1

H

X
i

E[Mi] �Hi (1)

To show the relative bandwidth savings of DER protocols
over CER protocols, therelative performanceE[BD]=E[BC]
of a DER protocol D and a CER protocol C is used.
3.1 Protocol C

For the CER protocol C, we have only one multicast group
and all transmissions are multicast over all links. Thus we get:

E[B] = E[MC] (2)

In the followingE[MC ] is derived for the different cases of
loss.

For homogeneous independent lossLet Lr describe the
number of additional packet transmissions required by a ran-
dom receiver to receive a complete TG with integrated FEC.
And let L describe the number of additional packet transmis-
sions required to have all receivers receive the complete TG,
then the distribution ofL andLr and the expectation ofL and
MC is [8]:

FLr(l) =
lX

i=0

�
k + i � 1

k � 1

�
pi(1� p)k ; l = 0; : : :(3)

FL(l) = FLr(l)
R (4)

E[L] = E[L] =
1X
l=0

(1� FL(l)) (5)

E[MC] = 1 + E[L]=k (6)

For heterogeneous independent lossat receivers, we as-
sume a fractionfh of receivers to experience a higher lossph
and the rest of the receivers to experience the lower lossp. We
can directly derive from equations 3 and 4:

FL(l) = (FLrh(l))
R�fh � (FLr(l))R�(1�fh) (7)

whereFLrh(l) is FLr(l) given by equation 3 withph substi-
tuted forp. E[MC ] is then given by (5) and (6).

For shared source link loss in our model multicast tree we
get the value ofE[MC ] by simulation. The loss with probabil-
ity p perceived by a receiver is equally split to a loss probability
p0 on the source link and the receiver link:

p = 1� (1� p0)2 (8)

4We do not consider feedback packets, due to their small size.

The reliable transmission of a packet from the multicast
source to theGDER nodes is done viaG+1 links withMD1;G

transmissions. From each DERnodeMD1;Z transmissions
overZ links are needed to reliably transmit a packet to the re-
ceivers of the local group. The bandwidth cost for D1 is given
by:

E[B] =
1

H
(E[MD1;G] � (1 +G) + E[MD1;Z] �R) (9)

For independent homogeneous losseach packet is transmit-
ted once over all links and retransmissions are limited to the
local group, such that we get:

E[B] = 1 +
1

H
(E[MD1;Z]� 1)R (10)

Since retransmitting originals corresponds to the retransmis-
sion of parities, if the TG size isk = 1 (a repetition code),
equations (3) - (6) allow to calculateE[MD1;Z] = E[MC ], us-
ing k = 1 andR = Z. The distribution of the numberMD1;Z

of transmissions per packet in the local groups is:

FMD1;Z
(m) = (1� pm)Z (11)

For heterogeneous independent lossa local group consists
of a fractionfh of receivers with high lossph and the rest of the
receivers with low lossp. The same way as above we derive:

FMD1;Z
(m) = (1� pmh )

Z�fh � (1� pm)Z�(1�fh) (12)

We calculateE[MD1;Z] again the same way as in (5) andE[B]
from (10).

For shared source link loss is the loss probabilityp0 (8) the
same for source link and the receiver links. Since the number of
transmissions forG DER nodes behind the single lossy source
link is the same as for only one DER node behind the lossy
source link, we get:

FMD1;G
(m) = (1� p0m) (13)

FMD1;Z
(m) = (1� p0m)

Z (14)

We calculateE[MD1;G] andE[MD1;Z] similar to (5) andE[B]
from (9).

3.3 Protocol D2
For D2 again the bandwidth can be calculated by separating

the transmission into two independent steps. The bandwidth
analysis follows the same equations as for protocol D1. Ex-
cept that forMD2;G andMD2;Z parity retransmission has to be
considered as for protocol C. For details see [16].
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In the following the three protocols D1, D2 and C are com-
pared for the three loss scenarios. Unless stated otherwise a
packet loss probability ofp = 0:01 is used andR = 106 re-
ceivers are in the global multicast group.

First, homogeneous, independent losson the receiver links
is considered. The performance of the protocols C and D2 with
parity retransmission, depends on the TG sizek, as shown in
figure 3 for different local group sizesZ = f10; 30; 80g. The
performance improves for both protocols D2 and C with an in-
creasing TG sizek. This is due to the fact that a parity packet
can repair the loss of any packet out of the TGand that there-
fore a parity packet can repair the loss of different packets at
different receivers. An effect that becomes more powerful with
an increasing TG sizek.

Figure 3 shows that the protocol D2 performs better than D1
for all transmission group sizes. A result that we experienced
also for a wide range of loss probabilities and a wide range of
local group sizesZ. It can be seen that the performance of
D1 and D2 improves with decreasingZ, since the exposure of
retransmissions to links is limited with the local group sizeZ.

Further is shown that even the CER protocolC achieves bet-
ter performance than the DER protocol D1, if the TG sizek is
large enough. The reason is again parity retransmission.
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Figure 3: Bandwidth dependent on TG sizek for independent
homogeneous loss: C vs. D1 vs. D2,R = 106, p = 0:01.

In [3] the throughput performance of generic CER and
grouped DER protocols is compared. From the results, it is
concluded that grouped DER protocols have better scalability
due to their hierarchical structure. Further it is stated that any
technique employed in a CER protocol can also be employed in
a local group and thus would not change anything in the relative
performance. We show that this is not the case for the applica-
tion of parity retransmissions and examine the relative perfor-
mance DER/CER with and without parity retransmissions. The
additional CER protocolCnoFEC is examined, which is the
same as protocol C, but does not employ parity transmission.

Figure 4 shows that the relative bandwidth savings

if parity retransmission is used, than without parities
(E[BD1]=E[BCnoFEC ]). This is due to the fact that protocol
C performs very well due to parity retransmission; each parity
packet can repair different losses at different receivers, an effect
that is not exploited to the same extent in the DER case, where
retransmissions are limited to a local group.
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Figure 4: Relative performanceE[B]DER=E[B]CER for inde-
pendent homogeneous loss with and without parity retransmis-
sion (FEC),p = 0:01,Z = 30.

Since protocol D2 outperforms protocol D1 for all parame-
ters in the remainder only D2 will be considered and compared
to the CER protocol C.

Next we will examine the effect ofheterogeneous indepen-
dent losson the performance of D2 and C.10% of all receivers
experience a high loss probability ofph = 0:25, while the other
receivers experience loss with probability p = 0:01.

Figure 5 shows that D2 achieves higher bandwidth savings
than C for heterogeneous loss, compared to homogeneous loss
(see figure 4).

In the worst case for a TG size ofk = 7 the performance of
C relative to D2 decreases by almost20%. This is due to the
fact that high loss receivers dominate the required bandwidth,
since retransmissions are multicast. D2 achieves better perfor-
mance by restricting the influence of the high loss receivers to
the local groups. The performance of D2 remains superior for
all numbersR of receivers.

Figure 6 compares D2 and C for the case ofshared source
link loss, where loss happens also on the first link from the
source to the backbone.

It can be seen that C improves relatively to D2 compared
to the homogeneous case through shared loss. As shown in
[8], shared loss for a group ofR receivers can be modeled by
considering a smaller groupRindep � R of independent loss
receivers for protocols employing FEC. Since for protocol D2
the number of receivers in a group is small already, it profits
very little from shared loss. In spite of the improvement of the
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dent heterogeneous loss with FEC,p = 0:01, Z = 30, ph =
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performance of C, D2 remains superior over the whole range of
R.

10
0

10
2

10
4

10
6

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Relative performance DER/CER with FEC

receivers R

re
la

tiv
e 

pe
rf

or
m

an
ce

 E
[B

D
2]/E

[B
C

]

D2/C: k=7  
D2/C: k=20 
D2/C: k=100

Figure 6: Relative performanceE[B]D2=E[B]C for shared
source link loss with FEC,p = 0:01, Z = 30.

5 Latency
In the following we will give a brief overview over the la-

tency analysis in [16]. Further, protocols C and D2 will be com-
pared regarding the requiredcompletion time for the transmis-
sion of ashort ADU5 of lengthk, the TG size. The completion
time is the time that is required to fully and successfully trans-
mit the ADU from the sender toall receivers. To compare dif-
ferent sizes ofk we use the average completion time per packet

5Additional results for the transfer of large ADUs consisting ofN > 10
4

packets were derived and can be found in [16]. The results for the comparison
are largely similar to the results for the bandwidth measure

transmission group sizesk 2 f7; 20; 100g, which correspond
to typical sizes of pages in the WWW. The comparison is done
for the three defined loss scenarios in which the scalability of
the protocols for the number of receivers is examined.

The different contributions to the total completion timeD
are denoted by the following random variables:

� The gross packettransmission delay, denoted byDt: this
accounts for queuing delay due to flow and congestion
control at the sender/DER node and is given through a
constant packet throughput�,

� the feedback delay, denoted byDf : this accounts for
feedback suppression delay and additional round trip
times through retransmissions rounds.

� the FECcoding delay, denoted byDc

� the propagation delay,Dp.

such that we get:

E[D] = E[Dt] + E[Df ] + E[Dc] +Dp (15)

For more details about the latency analysis see [16].
The numerical results graphs for latency are ordered by loss

scenario (see section 2). The scalability of the protocols is
shown for all loss scenarios.

A constant transport layer packet size ofP = 2kB will be
assumed. We did measurements with the FEC coder introduced
in [17] on a SUN SPARC-20 workstation to calculate the FEC
coding delay. The packet throughput is set to� = 25pkts=s.
6 We setRTT = 0:1s = 6d. The packet loss probability that
a receiver sees isp = 0:01. The TG size will be chosen as
k 2 f7; 20; 100g. The local group size isZ = 30.

All results were calculated analytically according to the
analysis in [16] and with additional simulations, using the
topology given in section 2.
5.1 Homogeneous Independent loss

We now look at the scalability of the protocols in compari-
son. Figure 7 shows the per-packet latencyE[D]=k inRTT for
protocols C and D2 on the ordinate, with respect to the number
of receiversR.

In figure 7 it can be seen that protocol D2 performs better
than protocol C over the whole range ofR for corresponding
TG sizesk. Both protocols scale very well with the number of
receivers. The performance difference between protocol C and
D2 is very small for largek. The smaller performance differ-
ence for largek is due to the fact that for largerk, a larger num-
ber of different losses can be repaired with one parity packet in
the CER case and thus the number of packets to be multicast is
reduced. In the DER case, the number of packets to be multi-
cast is reduced already through the partition of the receivers in
local groups and the effect of largerk is not as big.

6A throughput of� = 25 packets per second has been reported by Bolot
[18] for a loaded IP path between Sophia Antipolis (INRIA) and London
(UCL).
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5.2 Heterogeneous Independent loss
We will now examine the effect of heterogeneous loss pat-

terns on our results from the homogeneous independent loss
scenario. Figure 8 shows the per-packet latencyE[D]=k in
RTT for protocols C and D2 on the ordinate, with respect to
the number of receiversR.
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Figure 8: Completion time for independent heterogeneous loss:
C vs. D2,Z = 30, p = 0:01, ph = 0:25, fh = 0:1, � = 25=s,
RTT = 0:1s, P = 2kB

In figure 8 compared to figure 7 it can be seen that the rela-
tive performance of protocol C to protocol D2 for correspond-
ing TG sizesk is hardly influenced by heterogeneity of loss.
In absolute performance, both protocols have a disadvantage
through heterogeneous loss. This is because the high loss re-
ceivers dominate the delay (the slowest receiver is decisive)

proves slightly in relation to protocol C, since less multicast
retransmissions are necessary in G parallel local groups with a
small number of high loss receivers each (D2), than in one large
group, including all high loss receivers (C).

5.3 Shared source link loss
We examine the influence of shared source link loss. Figure

9 shows the per-packet latencyE[D]=k for protocols C and D2
on the ordinate, with respect to the number of receiversR. The
packet loss probability thateach receiver sees isp = 0:01, such
that the loss probability oneach link isp0 = 1�p

1� p.
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Figure 9: Completion time dependent onR for shared source
link loss: C vs. D2,Z = 30, p = 0:01, � = 25=s, RTT =
0:1s, P = 2kB

In figure 9 it can be seen that protocol D2 performs better
than protocol C for the whole range ofR. Both protocols ben-
efit from shared source link loss. This is due to the fact that for
shared loss, even with retransmission of original packets, losses
at different receivers can be recovered by retransmission of one
original packet (see section 3). Protocol D2 profits more from
shared source link loss than protocol C. The benefit through
shared source link loss for both protocols is smaller for large
TG sizesk than for smallk.

6 Conclusion
We compared three generic reliable multicast protocols.

Two of them (D1 and D2) with additional structure that allows
to limit retransmission to a local scope. One protocol C that
allowed only retransmissions from the source. C and D2 were
protocols with parity retransmissions, while for D1 originals
were retransmitted. Our conclusions from the comparison with
respect to completion time of a reliable transfer and the band-
width needed are as follows:

� D2 outperforms D1 and C in terms of completion time and
bandwidth.
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ceivers, the performance of C decreases more than the per-
formance of the DER protocols.

� Applying hybrid type 2 ARQ to protocols with local
groups does not yield as high a performance gain, as ap-
plying it to protocols without local groups.

� For large transmission group sizesk, the performance of
C comes close to the performance of D2.

Acknowledgment
The authors thank the anonymous reviewers for many help-
ful comments. Eurecom’s research is partially supported by
its industrial partners: Ascom, Cegetel, France Telecom, Hi-
tachi, IBM France, Motorola, Swisscom, Texas Instruments,
and Thomson CSF.

References
[1] S. Pingali, Protocol and Real-Time Scheduling Issues

for Multimedia Applications, Ph.D. thesis, UMass, Sept.
1994.

[2] D. Towsley, J. Kurose, and S. Pingali, “A comparison
of sender-initiated and receiver-initiated reliable multicast
protocols,”IEEE Journal on Selected Areas in Communi-
cations, vol. 15, no. 3, pp. 398–406, 1997.

[3] B. Levine and J. J. Garcia-Luna-Aceves, “A compar-
ison of known classes of reliable multicast protocols,,”
in Proc. Conference on Network Protocols (ICNP-96),
Columbus, Ohio, Oct. 1996.

[4] K. Obraczka, “Multicast transport mechanism: A sur-
vey and taxonomy,” submitted to IEEE Communications
Magazine, 1997.

[5] Chr. Diot, W. Dabbous, and Crowcroft. J, “Multipoint
communication: A survey of protocols, functions and
mechanisms,”IEEE Journal on Selected Areas in Com-
munications, vol. 15, no. 3, pp. 277–290, April 1997.

[6] S. Paul, K. K. Sabnani, J. C. Lin, and S. Bhattacharyya,
“Reliable multicast transport protocol (rmtp),” IEEE
Journal on Selected Areas in Communications, special is-
sue on Network Support for Multipoint Communication,
vol. 15, no. 3, pp. 407 – 421, April 1997.

[7] S. Floyd, V. Jacobson, C. Liu, S. McCanne, and L. Zhang,
“A reliable multicast framework for light-weight sessions
and application level framing,”Submitted to IEEE/ACM
Transactions on Networking, 1996.

[8] J. Nonnenmacher, E. W. Biersack, and Don Towsley,
“Parity-based loss recovery for reliable multicast trans-
mission,” inSIGCOMM ’97, Cannes, France, Sept. 1997,
pp. 289–300.

Weaver, “Mesh: Distributed error recovery for multime-
dia streams in wide-area multicast networks,” inInterna-
tional Conference on Communication, ICC’97, Montreal,
Canada, June 1997.

[10] S. Lin and D. J. Costello,Error Correcting Coding: Fun-
damentals and Applications, Prentice Hall, Englewood
Cliffs, NJ, 1983.

[11] Sneha K. Kasera, Jim Kurose, and Don Towsley, “A com-
parison of server-based and receiver-based local recov-
ery approaches for scalable reliable multicast,” inPro-
ceedings of IEEE INFOCOM, San Francisco, CA, USA,
March 1998.

[12] Maya Yajnik, Jim Kurose, and Don Towsley, “Packet loss
correlation in the mbone multicast network,” inProceed-
ings of IEEE Global Internet, London, UK, November
1996, IEEE.

[13] Jörg Nonnenmacher and Ernst Biersack, “Optimal multi-
cast feedback,” inProceedings of IEEE INFOCOM, San
Francisco, CA, USA, March 1998.

[14] L. Rizzo, “On the feasibility of software fec,” Tech. Rep.,
Univ. di Pisa, Italy, Jan. 1997.

[15] Sassan Pejhan, Mischa Schwartz, and Dimitris Anas-
tassiou, “Error control using retransmission schemes
in multicast transport protocols for real-time media,”
IEEE/ACM Transactions on Networking, vol. 4(3), pp.
413–427, June 1996.

[16] Martin Lacher, “Analysis of error recovery techniques
of reliable multicast: Centralized error recovery vs. dis-
tributed error recovery,” M.S. thesis, EURECOM, Dec.
1997.

[17] Luigi Rizzo, “Effective erasure codes for reliable com-
puter communication protocols,”Computer Communica-
tion Review, April 1997.

[18] J. C. Bolot, “Analysis and control of audio packet loss in
the internet,” in5th Workshop on Network and Operat-
ing System Support for Digital Audio and Video, T. D. C.
Little and R. Gusella, Eds. april 1995, vol. 1018 ofLNCS,
Springer Verlag, Heidelberg, Germany.

8


