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Abstract 

Forward Error Correction (FEC) has been proposed 
as a technique for implementing efficient reliable 
multicast (RM). However, FEC incurs costs in en-
code/decode delay and implementation complexity. 
How much benefit is provided relative to these costs 
and how dependent is the benefit on the specific RM 
protocol? 
In this paper, we evaluate the benefits of FEC for 

RM, considering both proactive and reactive use with 
three RM recovery techniques: duplicate avoidance, 
limited scope multicast and subcast. Our simulation-
based results indicate that FEC provides little benefit 
for an efficient RM protocol like OTERS and intro-
duces extra delay for multi-point streaming data ap-
plications. 
 

1 Introduction 

Providing eff icient reliable multi cast (RM) support 
for large-scale multi -point applications is a challenge, 
especiall y when the application requires low delivery 
latency in addition to bandwidth-eff icient deli very. 
Such applications (so-called streaming data applica-
tions)1 include web cache invalidation, li ve stock-
quote distribution, interactive Internet gaming and  
shared whiteboards. 

Among the challenges is the problem of feedback 
implosion. With thousands or even milli ons of receiv-
ers, the probabilit y of packet losses in the audience at 
any moment becomes so high that the source receives 
negative acknowledgments (NAKs) and performs re-
transmissions constantly, multiplying bandwidth con-
sumption and causing more severe congestion and 
losses. An extra lossy receiver can trigger repeated re-
transmissions and slow down the multi cast session 
even for the less lossy receivers.  This is referred to as 
the problem of “crying baby” [21]. RM recovery tech-

                                                   
1 Streaming video/audio applications can tolerate a small amount of loss 
and therefore do not require RM. However, fast recovery of key segments 
(e.g., the I frames) in the presence of a replay buffer may still be preferred. 

niques addressing these problem typically trade off be-
tween latency and bandwidth. For example, delaying 
or restricting retransmissions [11, 15, 16] can reduce 
the recovery traffic but also increase the recovery la-
tency.  

Forward Error Correction (FEC) [2] is an appeal-
ing approach to avoid this feedback implosion. Several 
FEC-based protocols require no receiver feedback 
(RMDP [6], Digital Fountain [3], and Fcast [8]), while 
some send feedback only at the end of a pass (MFTP 
[1]).  FEC has also been integrated with feedback-
based general-purpose RM protocols, called hybrid 
ARQ I and II [9, 10, 20, 7]. More recent work [4, 5, 
13, 14, 17] shows FEC efficiently recovers temporally 
correlated2 losses, thus reducing the RM recovery 
overhead.  

However, proactive use of FEC, i.e. on the original 
multicast data,  requires for efficiency that the data be 
blocked and encoded in large transmission groups to 
reduce its bandwidth consumption overhead.  This be-
havior delays packet transmission, making it less suit-
able for delay-sensitive applications.  Reactive use of 
FEC, i.e. as part of the recovery mechanism, compli-
cates the RM protocol significantly and can delay re-
covery as well.  

In this paper, we evaluate the utility of FEC with re-
liable multicast,  considering both its proactive and 
reactive use with three RM recovery techniques, 
namely duplicate avoidance (DA), limited scope mul-
ticast (LSM), and subcast. We perform event-driven 
simulations on transit-stub network topologies that are 
similar to those found in the real world, and employ 
bandwidth-latency product (or BLP) to assess the per-
formance tradeoff between the delivery traffic and la-
tency. Our experiments show that, among these tech-
niques, (1) the more efficient the original design is, 
the less improvement FEC integration can offer, and 

                                                   
2 For example, instead of retransmitting individual lost segments, one seg-
ment of parity data is transmitted either proactively with the original data 
or in response to a NAK. Receivers can use the parity segment to recover 
any single loss in a range of data segments over which the parity segment is 
computed. Because these data segments are often transmitted consecu-
tively, the parity segment is said to be able to repair temporally correlated 
packet losses. 



 

(2) subcast without FEC achieves the best overall per-
formance. 

The rest of the paper is organized as follows. Sec-
tion 2 introduces the RM recovery techniques. Section 
3 describes the integration of proactive and reactive 
FEC with RM protocols. Section 4 presents the simu-
lation methodology. Section 5 analyzes the perform-
ance of FEC integration. Section 6 discusses related 
work, and Section 7 concludes the paper. 

2 Background of reliable multicast 

Reliable multi cast protocols can be classified by the 
recovery mechanisms they use, as ill ustrated in Figure 
1. The right branch of this classification, ACK-based 
sender-reliable transport, corresponds to conventional 
reliable transport as used in TCP, for instance.  It is 
also called ARQ (Automatic Repeat reQuest).  Simple 
ARQ does not scale to a large multi cast receiver set 
[21, 22], prompting the use of the left branch of tech-
niques, namely NAK-based receiver-reliable proto-
cols.  Here, each receiver is responsible for detecting 
losses and sending NAKs to request retransmissions. 
Scalabilit y is further improved by using distributed 
recovery, where multiple retransmitters (in addition to 
the source) repair packet losses of nearby group mem-
bers. We briefly describe three major classes of proto-
cols within this NAK-based distributed recovery de-
sign space represented in Figure 1. 

SRM [11] employs global recovery with duplicate 
avoidance. In SRM, any receiver may multi cast a 
NAK to the multi cast group and respond to a NAK 
with a multi cast repair. Before transmitting a NAK or 
repair, the sender delays a period during which the 
transmission is suppressed if an identical one arrives. 
The delay is a randomized function of the round trip 
time (RTT) between the data source and the sender of 
the NAK (or repair). This suppression process is re-
ferred to as duplicate avoidance (DA).  

Another class of RM protocols employs tree-based 
local recovery [15, 16, 18, 33]. A subgroup hierarchy 
is constructed among multi cast receivers and rooted at 

the source. Members close to each other form a sub-
group and elect a designated receiver (DR) for the 
subgroup. A DR may be a member of a higher-level 
subgroup. Only DRs retransmit NAKs and repairs are 
forwarded only within each subgroup.  

To form the subgroup hierarchy, TMTP [15] and 
Lorax [16] rely on a technique called expanding ring 
search (ERS) which employs the IP time-to-li ve (TTL) 
field to discover nearby group members. Retransmis-
sions are limited scope multicast (LSM), i.e., multi-
casting to the host group with a TTL value equal to 
the subgroup's TTL radius, which restricts the deli very 
to the subgroup (working only in source-specific mul-
ticast routing domains). NAKs are either LSM with 
DA or direct unicast to the DR.  

As an alternative to ERS, subcast is used by some 
tree-based local recovery protocols, including RMTP 
[33], OTERS [18], and LMS [23], for subgroup forma-
tion and/or packet retransmission. Subcasting is mul-
ticasting a packet over a subtree of the multi cast deli v-
ery tree for a multi cast group. In particular, a retrans-
mission can be subcast by the DR to the requester’s 
subtree, confining the deli very to just the subtree in 
which the loss was reported (Figure 2). Subcast re-
quires support in the network. For instance, in OT-
ERS, subcasting is built on IP encapsulation [24] and 
IGMP traceroute [25], with security extensions that 
involve router changes but impose no additional state 
and littl e processing overhead. 

In later sections, we evaluate the integration of FEC 
with SRM, TMTP-uni3, and OTERS.  

3 Integrating FEC with RM protocols 

FEC can be integrated with the three main RM pro-
tocols, as described in this section. Figure 3 ill ustrates 

                                                   
3
 TMTP-uni directly unicasts NAKs to the DR while the original TMTP 

design multicasts NAKs using LSM and DA. We did not use TMTP be-
cause we have simulated TMTP and its result is worse than that of TMTP-
uni for all parameter combinations. Besides, the SRM simulation studies 
the behavior of multicast NAKs with DA. 
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Figure 1 Classification of RM protocols 



 

the basic operation of FEC erasure correction [27, 28, 
3]. 

3.1 Reactive FEC 

In Reactive FEC, i.e., hybrid ARQ II [9], retrans-
missions are FEC packets instead of individual lost 
segments. A NAK is sent for a TG (transmission 
group) when a packet in a later TG arrives while this 
TG is still i ncomplete. The NAK indicates the number 
of losses in the TG, not the sequence numbers of the 
lost segments.  

In principle, a retransmitter should pick the maxi-
mum number of losses indicated in all the NAKs it re-
ceives for one TG and multi cast that number of FEC 
packets to the requesters. However, NAKs do not usu-
all y arrive in synch and the retransmitter needs to re-
spond to them promptly and therefore individually. 
Instead of sending the full  amount that a NAK re-
quests, the retransmitter subtracts the amount that has 
been sent recently from the requested amount and 
sends this smaller amount in the hope that the recently 
sent ones may reach the requester shortly after the re-
quester sent out this NAK.  

In a tree-based RM protocol, when a DR itself is re-
covering a TG, it cannot respond to NAKs for the TG. 
Therefore, the DR records them. Once the DR recov-
ers the full TG, it immediately encodes the TG and re-
sponds to the outstanding NAKs as follows. In TMTP-
uni, the DR transmits the maximum requested amount 
to its subgroup. In OTERS, the DR subcasts to each 
requester’s subtree the requested amount in excess of 
what the DR has requested for itself (because the sub-

cast repairs sent from a higher-level DR can reach all 
the descendant subgroups). 

3.2 Proactive FEC 

In proactive FEC, i.e., hybrid ARQ I [10] (also re-
ferred to as layered FEC [4]), the sender transmits ex-
tra FEC packets immediately following the original 
data of each TG. Retransmissions are still necessary to 
ensure reliabilit y but are fewer because proactive FEC 
effectively reduces the end-to-end loss rate.  

Instead of sending a fixed number of FEC packets 
proactively [4], our study employs an adaptive proac-
tive FEC scheme similar to that devised by Kermode 
[14]. The number of FEC packets to send proactively 
is decided by the redundancy estimation, which is ini-
tiall y zero and incremented by the maximum number 
of losses that NAKs report for a TG. To track the loss-
rate fluctuation, the redundancy estimation decays by 
half for each TG if there is no NAK for the previous 
TG (indicating that the redundancy for the previous 
TG is suff icient). Thus the redundancy estimation 
forms an exponential moving average of the actual 
amount of repairs needed for each TG. In SRM, only 
the source proactively transmits FEC packets (because 
otherwise receivers would transmit to the same group, 
resulting in duplicates and/or delays). In TMTP-uni 
and OTERS, both the source and the DRs proactively 
transmit FEC packets. In TMTP-uni, a DR keeps track 
of the redundancy estimation of its entire subgroup. In 
OTERS, a DR keeps the redundancy estimation for 
each subgroup member (because packets are subcast to 
each one’s subtree). 

3.3 General effect of integrating FEC  

As the TG size k increases, the deli very traff ic de-
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Figure 2 Subcast retransmission. DR-1 unicasts a 
NAK to its own designated receiver − DR-2 − after de-
tecting a packet loss. DR-2 responds with a repair to 
DR-1's subtree, assuming DR-2 received this packet. 
Bold links indicate the path of the retransmission, 
which reaches all the descendant subgroups. 
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Figure 3 FEC erasure correction. The top row is the 
original transmission group (TG), consisting of k1 equal-
size segments. These segments can be reconstructed 
from any k2 of the n encoded segments (the so-called 
FEC packets). k1 and k2 are usually equal and denoted 
as k. Black squares mark the segments that are lost 
during the transmission. The transmission is reliable 
with up to n − k2 packet losses.  



 

creases and the deli very latency increases [32]. TG 
size 1 corresponds to no FEC integration. 

There are two sources of traff ic reduction. First, 
there are fewer repairs because one FEC packet can 
recover any loss in its TG for multiple receivers, while 
without FEC all the lost segments have to be 
retransmitted. Second, FEC reduces NAKs from one 
per missing segment to one per incomplete TG. 

The prolonged delivery latency reflects the time to 
recover from losses. A packet loss is detected as soon 
as there is a sequence number gap. However, the re-
ceiver does not send NAKs to recover the missing 
packet until the beginning of the next TG. Moreover, 
a DR cannot retransmit until it completely receives the 
requested TG (possibly via recovery itself). Therefore, 
the longer deli very latency reflects the TG transmis-
sion delay. 

Proactive FEC can improve the deli very latency 
over reactive FEC. However, it may consume more 
bandwidth because it is diff icult to obtain appropriate 
redundancy estimation. Due to the heterogeneous 
connectivity among receivers, any amount of redun-
dancy may be insuff icient to some receivers while un-
necessary to others. Temporal fluctuations of loss rates 
also cause the history-based estimation to be too large 
(raising the recovery traff ic) or too small (leaving re-
active FEC to make up the difference) over time. 

The simulation in Section 5 confirms the above in-
tuiti ve analysis. Moreover, it demonstrates that FEC’s 
effect differs dramaticall y when integrated with differ-
ent RM recovery techniques. 

4 Simulation methodology 

Three RM protocols were simulated with reactive 
FEC alone (called SRM, TMTP-uni and OTERS) and 
with both reactive and proactive FEC (called SRM-
pro, TMTP-pro and OTERS-pro), all using the NS 
network simulator [29].    

The simulations focus on the protocols’ behavior in 
the network and do not attempt to model the end-
station processing such as FEC encode/decode and 
storage overheads. Their addition to the deli very la-
tency is relatively small compared to the transmission 
and recovery delay over the network [28], and li kely to 
be less significant in the future as memory and proces-
sor cycles become even cheaper. 

We assume that (1) k1 and k2 are equal and denoted 
as k, and (2) n is suff iciently large so that no FEC 
packet is transmitted twice. Thus every packet a re-
ceiver gets is not a duplicate and can contribute to the 
erasure correction.  

4.1 Parameters and performance metrics  

A simulation specifies five parameters: (1) protocol 
type, (2) TG size k, (3) membership density d, (4) link 
packet error rate (PER) p, and (5) average length of a 
burst of losses b. 

A simulation tracks two quantities: (1) the delivery 
latency  from the time a segment is sent by the 
source to the time it is reliably deli vered to all the re-
ceivers, and (2) the bandwidth consumption  aver-
age traff ic required for reliably deli vering one payload 
segment to all the receivers. Both quantities are nor-
malized by that of the loss-free case. 

The bandwidth consumption includes (1) payload 
 the original data stream, (2) request − NAKs, and 
(3) repair − proactive or reactive FEC packets trans-
mitted (beyond the original k). Session management 
messages are not included because they are not a per-
payload-segment cost and not affected by FEC.  

The metric of bandwidth consumption is packet-
hops (or ph), which tracks the number of forwards by 
routers rather than the number of distinct packets gen-
erated by end-stations. It reflects the traff ic load on the 
network rather than that on the end-stations.  

Last, to quantify the overall performance (the trade-
off between bandwidth and latency), we introduce the 
bandwidth-latency product (or BLP)  the product of 
bandwidth consumption (in packet-hops) and delivery 
latency (in seconds).  

4.2 Simulation environment 

The simulation is driven by a packet stream from a 
Constant Bit Rate (CBR) source to a multi cast group 
at the rate of 100 packets per second and with a total 
of 448 packets (chosen to be always a multiple of the 
TG size). The multi cast routing protocol is DVMRP 
[30]. Receivers join the multi cast group at time 0 and 
start to exchange session messages to form the sub-
group hierarchy (in TMTP-uni and OTERS) or to 
measure RTTs (in SRM). The data stream starts at 
time 0.2 second and overlaps with the subgroup for-
mation, which takes 300 to 600ms. Receivers also 
send heartbeats (a form of session messages) every 
second with random skews. The overlap and the 
heartbeats allow more reali stic evaluations under the 
assumption that the network and the membership may 
change on a per-second basis, which may trigger the 
rebuilding of major parts of the subgroup hierarchy. 

Ten transit-stub topologies are generated by the GT-
ITM internetwork topology generator [31]. Each has 
600 nodes, including 3 transit domains and 72 stub 
domains. Links inside a stub domain are 100Mbps 
with 1ms average queuing delay, resembling fast 



 

Ethernet in campus networks. Links connecting stub 
and transit domains are 45Mbps with 15ms delay, re-
sembling T3 lines from campus to the regional net-
work. Links inside a transit domain are 155Mbps with 
8ms delay, resembling OC3 lines of an ISP. Inter-
transit-domain links are 155Mbps with 80ms delay, 
resembling OC3 lines between ISPs. All li nk delays 
adhere to an unbounded exponential distribution with 
20% average variation. The simulation results are av-
erages of the results obtained on these topologies. 

We implement bursty link losses modeled by a dis-
crete Markov chain {Xn} with a countable state space 
I and stationary transitions P [12], where =∈ IX n
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5 Performance analysis 

We study FEC with RM under a set of typical pa-
rameters, namely group membership being 10% of the 
population, link PER being 1%, and average burst 
length being 2. Appendix at http://www-dsg.stanford. 
edu/Publications.html shows that the same conclusion 
holds under more extreme conditions, i.e., dense 
membership (d = 50%), high link PER (p = 5%), and 
random losses (b ≈ 1). 

5.1 Without FEC 

Table 1 displays the performances of the three pro-
tocols without FEC integration. It shows that OTERS 
outperforms TMTP-uni, which in turn outperforms 
SRM, from both the bandwidth and latency aspects.  

OTERS and TMTP-uni both have low request traf-
fic because they use unicast NAKs. OTERS incurs less 

repair traff ic than TMTP-uni because subcast repairs 
are more eff icient than LSM repairs. One drop at an 
intermediate router causes losses at all the receivers 
downstream from the point of drop, called spatially 
correlated losses. In TMTP-uni, such losses tend to 
scatter into multiple subgroups (controlled by TTL ra-
dius) and trigger multiple repairs, while in OTERS 
one repair subcast from the point of drop recovers all 
correlated losses. Subcast repair also has lower deli v-
ery latency because it reaches every receiver in a sub-
tree and avoids relaying between DRs. 

SRM consumes more bandwidth for two reasons. 
First, SRM uses global multi cast for NAKs and re-
pairs while TMTP-uni and OTERS locali ze them. 
Second, even with DA, a receiver may generate dupli-
cates when another receiver’s NAK (or repair) is 
propagating and has not reached this receiver. More-
over, DA intentionally delays the NAKs and repairs to 
avoid duplicates, resulting in a high latency for SRM. 

The session messages are measured for the entire 
transport session. SRM has more session messages, 
again because of global multi cast. OTERS has fewer 
because only DRs and new members generate subcast 
session messages, while in TMTP-uni every group 
member sends session messages using LSM. 
Moreover, the TTL in a LSM packet does not prevent 
the packet from being (wastefull y) forwarded toward 
receivers that are further away than the TTL and 
dropped only at the border of the subgroup.  

5.2 With FEC 

Figure 4 plots the normalized bandwidth consump-
tion vs. the normalized deli very latency, under the 
same condition as in Table 1 except that the TG size k 
varies from 1 to 112. It shows that a large TG size in-
creases the deli very latency regardless of the RM pro-
tocol to which FEC is applied. Conversely, the level of 
bandwidth reduction heavily depends on the RM pro-
tocol, i.e., SRM >> TMTP-uni >> OTERS. This 
behavior arises because the more recovery traff ic in 
the non-FEC case, the more of those NAKs and 
repairs are redundant and may disappear in the FEC 
cases.  

Figure 5 plots the corresponding normalized BLP. 
Figure 6 plots the request traff ic vs. the TG size and 
Figure 7 plots the repair traff ic.  

Protocol Bandwidth Consumption (in ph) Delivery  BW-latency  Session  
Name Payload request Repair total Latency Product Messages 

OTERS 525 27 84 636 325 ms 207 9 kilo-ph 
TMTP-uni 525 31 596 1,152 330 ms 380 31 kilo-ph 

SRM 525 1,394 4,681 6,600 425 ms 2,805 368 kilo-ph 

Table 1 Performance of the RM protocols without integrating FEC (k = 1, d = 10%, p = 1%, b = 2) 



 

5.2.1 FEC and subcast-based recovery. Figure 5 
shows that OTERS achieves the best BLP without 
FEC. FEC reduces littl e of its recovery traff ic while 
significantly raising its deli very latency. Figures 6 and 
7 show that the only reduction to OTERS’s traff ic is 
from NAKs, which is at the direct cost of delaying the 
NAK and the recovery process.  

FEC barely reduces OTERS’s repair traff ic because 
OTERS leaves few ineff icient cases for FEC to im-
prove. One subcast retransmission can repair an entire 
subtree’s losses that are caused by one packet drop at 
the root of the subtree, i.e. the spatiall y correlated 
losses. According to studies such as those by M. Hand-
ley [35] and MFTP [1], MBone losses show strong 
spatial correlation rather than independence. 

Only leaf losses may be temporall y, but not spa-
tiall y, correlated. OTERS recovers these losses via 
unicast repairs.4 Such unicast repairs, on one hand, 
cannot be improved by unicasting FEC repairs and, on 
the other hand, are often more eff icient (in terms of 
packet-hops) than multi casting FEC repairs to all the 
receivers. 

The only ineff icient case that FEC may enhance is 
when the loss is independent to a DR yet a subcast re-
pair is still t riggered. However, OTERS minimizes 
such cases by choosing a subgroup’s DR to be the least 
lossy and/or the closest to the subroot. Figure 7 shows 
that the reduction to OTERS repair traff ic is less than 
5% for TG sizes under 56. 

5.2.2 FEC and duplicate avoidance. Figure 5 shows 
that FEC significantly improves SRM’s BLP, by up to 

                                                   
4 In most cases a leaf receiver is not a DR and requests only unicast rather 
than subcast retransmissions. 

83% over plain SRM, reducing both the traff ic and the 
latency. 

Figure 6 shows substantial reduction to SRM’s 
request traff ic, because of SRM’s DA process. In plain 
SRM, when a group member receives a NAK that 
does not match any sequence number of its own 
missing packets, it becomes a potential retransmitter, 
a source of duplicate repairs. And it still needs to send 
NAKs for its own missing pakcets. Under FEC, not 
only does this receiver not contend for retransmission 
but also its own NAK is suppressed if the amount it 
has lost is no more than the amount reported in the 
NAK it receives.  

Similarly, Figure 7 shows significant reduction to 
SRM’s repair traff ic. In plain SRM, a group member 
may receive multi cast repairs that do not match the 
sequence numbers of its own missing packets and thus 
are useless to its loss recovery. With FEC, these 
useless repairs may contribute to erasure correction 
and hence obviate further retransmissions, reducing 
both the traff ic and the latency. 

Figure 4 shows that SRM-pro is more effective than 
SRM with reactive FEC alone, because proactive FEC 
preempts the DA process. Thus it eliminates more 
NAKs as well as bypassing the DA delay. So SRM-pro 
at k = 7 has a deli very latency even lower than the 
non-FEC case. However, when k > 14, the TG trans-
mission delay dominates and prolongs the deli very la-
tency. And the BLP curve is almost flat, indicating 
that reducing the traff ic merely proportionally 
increases the latency. 

5.2.3 FEC and limited scope multicast. Figure 5 
shows that FEC only moderately improves TMTP-
uni’s BLP, by less than 14%, and worsens it when the 
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Figure 4 Bandwidth Consumption vs. Delivery Latency        Figure 5 Normalized BLP vs. TG Size 
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TG size is over 28. This is because TMTP-uni 
employs a subgroup hierarchy for local recovery. The 
same FEC mechanism that reduces SRM’s traff ic 
applies to TMTP-uni, but at a smaller scale  
subgroups. Thus Figure 7 shows moderate reduction 
to TMTP-uni’s repair traff ic. Moreover, Figure 6 
shows littl e reduction to its NAKs because, unli ke 
SRM,  TMTP-uni unicasts NAKs so there are few 
duplicates. So does OTERS. 

TMTP-pro does not outperform TMTP-uni as SRM-
pro does because TMTP-uni has no DA process. Fig-
ure 7 shows that TMTP-pro’s repair traff ic exceeds 
that of TMTP-uni, especiall y when the TG size is 
small , because the smaller the TG, the more inaccu-
rate the redundancy estimation. Figure 4 shows that 
the deli very latency of TMTP-pro is better than that of 
TMTP-uni with reactive FEC alone, but at the cost of 
traff ic increase. Consequently, in Figure 5, TMTP-
pro’s normalized BLP is never below 1. 

5.3 Tradeoffs in RM recovery techniques 

Reliable multi cast design involves various tradeoffs 
that come down to a fundamental tradeoff between 
bandwidth and latency. FEC is one classic example. 
Duplicate avoidance another example. A longer DA 
timeout suppresses more duplicates but also propor-
tionally raises the recovery latency. TMTP-uni and 
OTERS avoid the DA delay by constructing a sub-
group hierarchy and unicasting NAKs directly to the 
DR. TMTP-uni’s tradeoff lies in the radius of limited 
scope multi cast. A smaller subgroup radius can avoid 
NAK implosion and better limit the scope of multi cast 
repairs, thereby using less bandwidth. Unfortunately, a 
smaller subgroup results in less sharing of multicast 
repairs. Besides, the subgroup hierarchy is deeper and 
thus propagating a repair down the DR hierarchy 
takes longer. Subcast-based recovery does not have 
this effect because repairs are subcast directly to all 

the subgroups underneath a subroot.  
Because of these design tradeoffs, both DA and 

LSM generate a substantial amount of redundant re-
covery traff ic. FEC can make use of the redundancy 
and improve protocols that employ these techniques. 
Subcast-based recovery, however, complies with and 
takes advantage of the multi cast loss pattern. Hence it 
does not benefit from FEC in any significant way. 

6 Related work 

Among previous studies on FEC, some focus on the 
centrali zed model where only the source generates and 
multi casts FEC packets, while some examine the 
distributed model where DRs employ FEC for loss 
recovery. Our work belongs to the distributed model.  

6.1 Distributed model  

Nonnenmacher et al. [17] analyticall y studied 
distributed and centrali zed reactive FEC. It concludes 
that distributed recovery with FEC outperforms that 
without FEC in terms of the bandwidth cost. Second, 
distributed FEC outperforms centrali zed FEC in both 
the bandwidth cost and the completion time. Third, 
applying FEC to an already distributed recovery 
scheme does not yield as much gain as applying FEC 
to a centrali zed recovery scheme.  

Our study differs from [17] in the following ways. 
First, while [17] compares generic RM protocols (cen-
trali zed and distributed schemes), our study goes a 
step further to examine three specific recovery tech-
niques within the distributed RM design space. We 
show that specific design choices heavily affect how 
much they benefit from FEC.  

Second, we track the deli very latency because it is a 
major requirement of streaming data applications, 
while [17] only measures the completion time, which 
large TG sizes hardly increase. Moreover, [17] does 
not show the completion time of the distributed 
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scheme without FEC, nor compare it to that with FEC.  
Third, we employ event-driven simulation on tran-

sit-stub network topologies while [17] employs ana-
lytical models and a three-tier multi cast deli very tree 
with the DRs placed at ideal locations. While [17]’ s 
approach simpli fies and generali zes its findings, our 
detailed simulation and reali stic internetwork topolo-
gies provide additional insights. For instance, our 
simulation shows that, although LSM and subcast 
both use subgroups to locali ze recovery, LSM leaves 
more room for FEC to enhance while subcast does not. 

Gemmel [13] and Kermode [14] studied FEC with 
SRM.  [13] employs centrali zed reactive FEC. [14] ex-
tends SRM with proactive FEC and employs adminis-
tratively scoped multi cast for local recovery. They 
show that applying FEC to SRM reduces the traff ic 
load of plain SRM by several orders of magnitude. 
However, applying FEC to already locali zed SRM re-
duces the traff ic less significantly. In comparison, we 
not only study SRM but also study and compare 
TMTP-uni and OTERS. While [14] simulates a “hy-
brid mesh tree” topology with 112 nodes, we use more 
and larger network topologies and try to average out 
the randomness in the simulation. 

6.2 Centralized model  

Sakakibara et al. [32] model hybrid ARQ II  on a 
broadcast channel with a fixed frame rate and 
negligible propagation delay (compared to the frame 
rate). They show that a larger k value yields higher 
throughput, especiall y for large error rate and large 
number of receivers. However, the average transmis-
sion delay increases in proportion to k. Similar evalua-
tion methods and conclusions are presented by many 
other studies such as [9, 10]. 

Nonnenmacher et al. [4] studied FEC integration 
with a centrali zed NAK-based RM scheme using an 
analytical model where the source and the receivers 
are connected via a star topology with disjoint links. 
They show that reactive FEC scales better than a cen-
trali zed scheme without FEC. Reactive FEC reduces 
the number of transmissions by the source, at the ex-
pense of coding at the end-systems. The source is the 
bottleneck if the data is not pre-coded. The proactive 
FEC scheme in [4] is static and does not adapt to the 
loss rate fluctuation. [4] shows that this form of proac-
tive FEC can be worse than that without FEC and 
even worse in the presence of bursty losses. [4] also 
points out that FEC saves more bandwidth recovering 
independent losses (vs. shared losses). 

Our study differs from them in that we focus on dis-
tributed RM techniques. Moreover, we take a different 

angle to the bandwidth cost  from the network’s 
perspective (the number of forwards), while much 
previous work is from the source’s perspective (the 
throughput or the number of transmissions at the 
source). For example, [5] points out that the FEC gain 
(at the source) is higher if there are fewer shared links 
in the multi cast distribution tree. However, from the 
network’s view, it is advantageous to have more 
shared links because the network is more productive, 
performing less forwards for each multi cast packet.  

7 Conclusion 

 Forward error correction (FEC) for reliable multi-
cast (RM) provides limited benefit with an eff icient 
RM protocol and detracts from performance with 
multi -point streaming applications. For instance, with 
the OTERS protocol, FEC provides marginal reduc-
tion in recovery traff ic yet significantly increases the 
deli very latency. OTERS eff iciently recovers spatiall y 
correlated losses via subcast, leaving few ineff icient 
cases for FEC to enhance. Other less eff icient proto-
cols, such as SRM and TMTP-uni, show far more 
benefit but not suff icient to make them competiti ve 
with OTERS. In particular, OTERS without FEC pro-
vides low latency deli very and 6 to 13 times less re-
covery traff ic (in 600-node topologies) compared to 
SRM and TMTP-uni with FEC. It also avoids the en-
code/decode complexity and the associated delay, 
processing and storage overhead. Without FEC, OT-
ERS also outperforms TMTP-uni, which in turn out-
performs SRM, in both bandwidth and latency. 

With OTERS, eff icient RM is dependent on network 
support for subcasting. Subcasting can be supported by 
simple, stateless extensions to routers so is straight-
forward to add [18]. However, subcasting is not cur-
rently widely supported, and its absence seems li ke the 
primary motivation to rely on more complex RM 
techniques such as FEC. As more multi cast applica-
tions are deployed in the Internet, we hope to see the 
benefits of subcasting more widely recognized, caus-
ing it to be widely supported and eliminating the need 
for complicating RM protocols with FEC.  
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