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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 efficient reliable multicast (RM) support
for large-scale multi-point applications is a chall enge,
espedally when the application requires low ddivery
latency in addition to bandwidth-efficient delivery.
Such applications (so-called streaming data goplica-
tions)* include web cache invalidation, live stock-
quote distribution, interactive Internet gaming and
shared whiteboards.

Among the dallenges is the problem of feedback
implosion. With thousands or even milli ons of recev-
ers, the probability of packet losss in the audience at
any moment beames  high that the source receves
negative acknowledgments (NAKs) and performs re-
transmissons constantly, multi plying bandwidth con-
sumption and causing more severe @ngestion and
loses. An extra lossy recever can trigger repeated re-
transmissons and slow down the multicast sesson
even for the lesslosgy recevers. Thisisreferred to as
the problem of “crying baby” [21]. RM recvery tech-

! Sreaming video/audio applications can tolerate a small amount of loss
and therefore do not require RM. However, fast recovery of key segments
(e.g., thel frames) in the presence of areplay buffer may till 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 aso been integrated with feedback-
based general-purpose RM protocols, called hybrid
ARQ | and Il [9, 10, 20, 7]. More recent work [4, 5,
13, 14, 17] shows FEC €fficiently recovers temporally
correlated® losses, thus reducing the RM recovery
overhead.

However, proactive use of FEC, i.e. on the origina
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 protocal significantly and can delay re-
covery aswell.

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 dataistransmitted either proactively with the original data
or in response to a NAK. Receivers can use the parity segment to recover
any singlelossin arange 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.
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(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 remvery techniques. Sedion
3 describes the integration of proactive and reactive
FEC with RM protocols. Sedion 4 presents the simu-
lation methodology. Sedion 5 analyzes the perform-
ance of FEC integration. Sedion 6 dscusss related
work, and Section 7 concludes the paper.

2 Background of reliable multicast

Reli able multi cast protocols can be dasdfied by the
remvery medanisms they use, asill ustrated in Figure
1. The right branch of this clasdfication, 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 multicast recaver set
[21, 22], prompting the use of the left branch of tech-
niques, namely NAK-based receiver-reliable proto-
cols. Here, each recéver is responsible for deteding
losses and sending NAKS to request retransmisgons.
Scalability is further improved by using distributed
recovery, where multi ple retransmitters (in addition to
the source) repair packet losses of nearby group mem-
bers. We briefly describe threemajor classs of proto-
cols within this NAK-based distributed recovery de-
sign spacerepresented in Figure 1.

SRM [11] employs global recovery with duplicate
avoidance. In SRM, any recever may multicast a
NAK to the multicast group and respond to a NAK
with a multi cast repair. Before transmitting a NAK or
repair, the sender delays a period duing which the
transmisson is suppressd 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 sippresson processis 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 recevers and rooted at

the source Members close to each other form a sub-
group and eled 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 alled expanding ring
search (ERS) which employsthe IP time-to-live (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 egual to
the subgroup's TTL radius, which restricts the délivery
to the subgroup (working only in source-spedfic mul-
ticast routing domains). NAKs are éther LSM with
DA or dired unicast to the DR.

As an dternative to ERS, subcast is used by some
treebased local rewvery protocals, including RMTP
[33], OTERS[18], and LMS[23], for subgroup forma-
tion and/or packet retransmisgon. Subcasting is mul-
ticasting a packet over a subtreeof the multi cast deliv-
ery treefor a multicast group. In particular, a retrans-
misson can be subcast by the DR to the requester’s
subtree confining the ddivery to just the subtreein
which the loss was reported (Figure 2). Subcast re-
quires support in the network. For instance in OT-
ERS, subcasting is built on 1P encapsulation [24] and
IGMP traceroute [25], with searity extensions that
involve router changes but impose no additional state
and littl e processng overhead.

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

3 Integrating FEC with RM protocols

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

3 TMTP-uni di rectly unicasts NAK s to the DR whil e the original TMTP
design multi casts NAKsusingLSM and DA. Wedid nd uss TMTP be-

cause we have smulated TMTP andits result isworse than that of TMTP-

uni for all parameter combinations. Besides, the SRM simulation studies
the behavior of multicast NAK swith DA.
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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.

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

3.1 ReactiveFEC

In Reactive FEC, i.e., hybrid ARQ Il [9], retrans-
misgons are FEC packets instead of individual |ost
segments. A NAK is snt for a TG (transmisson
group) when a packet in a later TG arrives while this
TG is dill i ncomplete. The NAK indicates the number
of losss 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 al the NAKs it re-
cdves for one TG and multicast that number of FEC
packets to the requesters. However, NAK s do not usu-
aly 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 recantly 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 atreebased RM protocol, when a DR itself isre-
covering a TG, it cannot respond to NAK s for the TG.
Therefore, the DR records them. Once the DR reav-
ersthefull TG, it immediately encodesthe TG and re-
sponds to the outstanding NAK s as follows. In TMTP-
uni, the DR transmits the maximum requested amount
to its aubgroup. 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-
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Figure 3 FEC erasure correction. The top row is the
original transmission group (TG), consisting of k, equal-
size segments. These segments can be reconstructed
from any k, of the n encoded segments (the so-called
FEC packets). k, and k, 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 -k, packet losses.
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cast repairs ent 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 origina
data of each TG. Retransmissons are still necessary to
ensure reliability but are fewer because proactive FEC
effedively reduces the end-to-end lossrate.

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 dedded by the redundancy estimation, which isini-
tially zero and incremented by the maximum number
of losses that NAK s 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 aifficient). Thus the redundancy estimation
forms an exponential moving average of the actua
amount of repairs neaded for each TG. In SRM, only
the source proactively transmits FEC packets (because
otherwise recevers would transmit to the same group,
resulting in dugicates and/or delays). In TMTP-uni
and OTERS, bath the source and the DRs proactively
transmit FEC packets. In TMTP-uni, a DR kegs track
of the redundancy estimation of its entire subgroup. In
OTERS, a DR kegs the redundancy estimation for
each subgroup member (because packets are subcast to
each on€'s aibtred.

3.3 General effect of integrating FEC
As the TG size k increases, the delivery traffic de-



creases and the delivery latency increases [32). TG
size 1 corresponds to no FEC integration.

There are two sources of traffic reduction. First,
there are fewer repairs because one FEC packet can
recover any lossin its TG for multi ple recavers, while
without FEC all the lost segments have to he
retransmitted. Seawnd, FEC reduces NAK's from one
per missng segment to ane per incomplete TG.

The prolonged ddlivery latency refleds the time to
recover from losses. A packet lossis deteded as on
as there is a sequence number gap. However, the re-
cdver does not send NAKSs to remover the missng
packet until the beginning of the next TG. Moreover,
a DR cannot retransmit until it completely recaeves the
requested TG (posshly via recovery itself). Therefore,
the longer delivery latency refleds the TG transmis-
sion delay.

Proactive FEC can improve the ddivery latency
over reactive FEC. However, it may consume more
bandwidth because it is difficult to oldain appropriate
redundancy estimation. Due to the heterogeneous
connedivity among receavers, any amount of redun-
dancy may be insufficient to some receévers while un-
necessary to ahers. Temporal fluctuations of lossrates
also cause the history-based estimation to be too large
(raising the recovery traffic) or too small (leaving re-
active FEC to make up the difference) over time.

The simulation in Sedion 5 confirms the abowe in-
tuitive analysis. Moreover, it demonstrates that FEC's
effea differs dramatically when integrated with differ-
ent RM reoovery techniques.

4  Simulation methodology

Three RM protocols were simulated with reactive
FEC aone (called SRM, TMTP-uni and OTERS) and
with bath 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 mode the end-
station processng such as FEC encode/decde and
storage overheads. Their addition to the ddivery la-
tency is relatively small compared to the transmisgon
and remvery delay over the network [28], and likely to
be less sgnificant in the future as memory and proces-
sor cycles beaome e/en cheaper.

We asauime that (1) k; and k, are equal and denoted
as k, and (2) n is sifficiently large so that no FEC
packet is transmitted twice Thus every packet a re-
cdver getsis not a dugdicate and can contribute to the
erasure a@rredion.

4.1 Parametersand performance metrics

A simulation spedfies five parameters. (1) protocol
type, (2) TG sizek, (3) membership density d, (4) link
packet error rate (PER) p, and (5) average length of a
burst of lossesb.

A simulation tracks two quantities: (1) the delivery
latency O from the time a segment is snt by the
sourceto the timeit is reliably delivered to al the re-
cdvers, and (2) the bandwidth consumption O aver-
age traffic required for reliably deli vering one payload
segment to all the recaévers. Both quantities are nor-
malized by that of the lossfree @se.

The bandwidth consumption includes (1) payload
O the original data stream, (2) request — NAKs, and
(3) repair — proactive or reactive FEC packets trans-
mitted (beyond the original k). Sesson management
messages are not included because they are not a per-
payl oad-segment cost and not affeded 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 refleds the traffic 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) O 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 multicast 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 multicast routing protocol is DVMRP
[30]. Recavers join the multicast 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 seand and overlaps with the subgroup for-
mation, which takes 300 to 600ms. Recévers also
send heartbeats (a form of sesson messages) every
seoond with random skews. The overlap and the
heartbeats allow more redlistic evaluations under the
asaimption that the network and the membership may
change on a per-seand basis, which may trigger the
rebuil ding 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



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)

Ethernet in campus networks. Links conneding 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 dday, resembling OC3 lines of an ISP, Inter-
transit-domain links are 155Mbps with 80ms delay,
resembling OC3 lines between ISPs. All link delays
adhere to an unbounded exponential distribution with
20% average variation. The simulation results are av-
erages of the results obtained on these topol ogies.

We implement bursty link losses modeled by a dis-
crete Markov chain {X;} with a countable state space
| and stationary transitions P [12], where X 01 =

0 1, P =FPw Pul=OWb 1-WL pe pyy

o paf Huou F

packet islogt if X, = 0and forwarded if X, = 1. It fol-

lows that the average link PER pzl——ul and the
2-U,—y,

1
1-u,

average burst length p = . Given p and b, the

Markov chain has y =1-2, %:M. The
0 b 1-p

bursty loss model degenerates to the random loss
moddl if u, +u, =1, i.e,if p=—1_ (= 1if p<<1).
1-p

5 Performance analysis

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

51 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 bath the bandwidth and latency aspeds.

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

repair traffic than TMTP-uni because subcast repairs
are more dficient than LSM repairs. One drop at an
intermediate router causes losses at all the recevers
downstream from the point of drop, called spatially
correlated losses. In TMTP-uni, such losses tend to
scatter into multi ple subgroups (controlled by TTL ra-
dius) and trigger multiple repairs, while in OTERS
one repair subcast from the point of drop remvers all
correlated losses. Subcast repair also has lower deliv-
ery latency becuse it reaches every receéver in a sub-
treeand avoids relaying between DRs.

SRM consumes more bandwidth for two reasons.
First, SRM uses global multicast for NAKs and re-
pairs while TMTP-uni and OTERS localize them.
Semnd, even with DA, arecéver may generate dugi-
cates when another recever’'s NAK (or repair) is
propagating and has not reached this recever. More-
over, DA intentionally delays the NAK s and repairs to
avoid dupi cates, resulting in a high latency for SRM.

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

52 WithFEC

Figure 4 plots the normalized bandwidth consump-
tion vs. the normalized ddivery latency, under the
same ondition asin Table 1 except that the TG sizek
varies from 1to 112 It showsthat alarge TG sizein-
creases the delivery latency regardliessof the RM pro-
tocol to which FEC is applied. Conversdy, the level of
bandwidth reduction heavily depends on the RM pro-
tocal, i.e, SRM >> TMTP-uni >> OTERS. This
behavior arises becuse the more recovery traffic in
the non-FEC case, the more of those NAKs and
repairs are redundant and may disappear in the FEC
Cases.

Figure 5 pots the mrresponding normalized BLP.
Figure 6 plots the request traffic vs. the TG size and
Figure 7 plots the repair traffic.
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Figure 4 Bandwidth Consumption vs. Delivery Latency
Both x and y axes are normalized by the value of the loss-
free case. Nodes on each curve, from right to left, are for

Figure 5 Normalized BLP vs. TG Size
Each protocol's BLP values are normalized by
the BLP of that protocol in the non-FEC case,

k=112, 56, 28, 14, 7 and 1 respectively.

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 remvery traffic while
significantly raising its delivery latency. Figures 6 and
7 show that the only reduction to OTERS s traffic is
from NAKSs, which is at the dired cost of delaying the
NAK and the recovery process

FEC barely reduces OTERS's repair traffic because
OTERS leaves few inefficient cases for FEC to im-
prove. One subcast retransmisgon can repair an entire
subtreés losses that are @used by one packet drop at
the roat of the subtree i.e. the gpatially correlated
losses. According to studies such as those by M. Hand-
ley [35 and MFTP [1], MBone loses diow strong
spatial correlation rather than independence

Only leaf losses may be temporally, but not spa-
tially, correlated. OTERS remvers these losss via
unicast repairs.* Such unicast repairs, on one hand,
cannot be improved by unicasting FEC repairs and, on
the other hand, are often more dficient (in terms of
packet-hops) than multi casting FEC repairs to all the
recevers.

The only inefficient case that FEC may enhance is
when the lossis independent to a DR yet a subcast re-
pair is dill triggered. However, OTERS minimizes
such cases by choasing a subgroup’ s DR to be the least
losgy and/or the dosest to the subroat. Figure 7 shows
that the reduction to OTERS repair traffic is lessthan
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

* In most cases a leaf recéver isnot a DR and requests only unicast rather
than subcast retransmissons.

i.e., whenk =1.

83% over plain SRM, reducing bath the traffic and the
latency.

Figure 6 shows substantial reduction to SRM's
request traffic, because of SRM’s DA process In plain
SRM, when a group member recéves a NAK that
does not match any sequence number of its own
missng packets, it beaomes a potential retransmitter,
a source of dugicate repairs. And it till neads to send
NAKSs for its own missng pakcets. Under FEC, not
only does this receéver not contend for retransmisson
but also its own NAK is suppressd if the amount it
has lost is no more than the amount reported in the
NAK it recaves.

Similarly, Figure 7 shows dggnificant reduction to
SRM’s repair traffic. In plain SRM, a group member
may recéve multicast repairs that do not match the
sequence numbers of its own missng packets and thus
are useless to its loss remvery. With FEC, these
useless repairs may contribute to erasure crredion
and hence obwvate further retransmisgons, reducing
bath the traffic and the latency.

Figure 4 shows that SRM-pro is more dfedive than
SRM with reactive FEC alone, because proactive FEC
preanpts the DA process Thus it eliminates more
NAK s aswell as bypassng the DA delay. So SRM-pro
at k = 7 has a ddivery latency even lower than the
non-FEC case. However, when k > 14, the TG trans-
misson delay dominates and prolongs the delivery la-
tency. And the BLP curve is amost flat, indicating
that reducing the traffic merely proportionaly
increases the latency.

5.2.3 FEC and limited scope multicast. Figure 5
shows that FEC only moderatdly improves TMTP-
uni’s BLP, by lessthan 14%, and worsens it when the
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TG size is over 28 This is beause TMTP-uni
employs a subgroup hierarchy for local recovery. The
same FEC medanism that reduces SRM’s traffic
applies to TMTP-uni, but a a smaler scae O
subgroups. Thus Figure 7 shows moderate reduction
to TMTP-uni’s repair traffic. Moreover, Figure 6
shows little reduction to its NAKs because, unlike
SRM, TMTP-uni unicasts NAKs @ there are few
dugi cates. 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 traffic exceeads
that of TMTP-uni, espedally when the TG size is
small, becuse the smaller the TG, the more inaccu-
rate the redundancy estimation. Figure 4 shows that
the delivery latency of TMTP-pro is better than that of
TMTP-uni with reactive FEC alone, but at the st of
traffic increase. Conseguently, in Figure 5, TMTP-
pro’'s normalized BLP is never below 1.

5.3 Tradeoffsin RM recovery techniques

Reliable multi cast design involves various tradeoffs
that come down to a fundamental tradeoff between
bandwidth and latency. FEC is one dassc example.
Duplicate avoidance another example. A longer DA
timeout suppresses more dugicates but also propor-
tionally raises the recwmvery latency. TMTP-uni and
OTERS avoid the DA dday by constructing a sub-
group hierarchy and unicasting NAKs diredly to the
DR. TMTP-uni’s tradeoff lies in the radius of limited
scope multicast. A smaller subgroup radius can avoid
NAK implosion and better limit the scope of multi cast
repairs, thereby using lessbandwidth. Unfortunately, a
smaller subgroup results in less $aring of multicast
repairs. Besides, the subgroup hierarchy is deegper and
thus propagating a repair down the DR hierarchy
takes longer. Subcast-based remvery does not have
this effed because repairs are subcast diredly to all
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Figure 7 Repair Traffic vs. TG Size

the subgroups underneath a subroat.

Because of these design tradeoffs, bath DA and
LSM generate a substantial amount of redundant re-
covery traffic. FEC can make use of the redundancy
and improve protocols that employ these techniques.
Subcast-based recvery, however, complies with and
takes advantage of the multi cast losspattern. Henceit
does not benefit from FEC in any significant way.

6 Reated work

Among previous gudies on FEC, some focus on the
centralized model where only the source generates and
multicasts FEC packets, while some eamine the
distributed model where DRs employ FEC for loss
recovery. Our work belongs to the distributed model.

6.1 Distributed mode

Nonnenmacher et al. [17] analytically studied
distributed and centralized reactive FEC. It concludes
that distributed recovery with FEC outperforms that
without FEC in terms of the bandwidth cost. Second,
distributed FEC outperforms centralized FEC in bath
the bandwidth cost and the completion time. Third,
applying FEC to an aready 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-
tralized and dstributed schemes), our study goes a
step further to examine three spedfic remvery tech-
niques within the distributed RM design space We
show that spedfic design choices heavily affed how
much they benefit from FEC.

Semnd, we track the delivery latency becauseit isa
major requirement of streaming data gplications,
while [17] only measures the ampletion time, which
large TG sizes hardly increase. Moreover, [17] does
not show the mmpletion time of the distributed



scheme without FEC, nor compare it to that with FEC.

Third, we enploy event-driven simulation on tran-
sit-stub network topologies while [17] employs ana-
Iytical moddls and a threetier multicast delivery tree
with the DRs placed at ideal locations. While [17]'s
approach simplifies and generalizes its findings, our
detailed simulation and redlistic internetwork topolo-
gies provide additional insights. For instance our
simulation shows that, although LSM and subcast
bath use subgroups to localize remvery, LSM leaves
more room for FEC to enhancewhil e subcast does not.

Gemmd [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 multicast for local rewmvery. They
show that applying FEC to SRM reduces the traffic
load of plain SRM by several orders of magnitude.
However, applying FEC to already localized SRM re-
duces the traffic less $gnificantly. In comparison, we
not only study SRM but also study and compare
TMTP-uni and OTERS. While [14] smulates a “hy-
brid mesh tre€' topology with 112 nodes, we use more
and larger network topologies and try to average out
the randomnessin the simulation.

6.2 Centralized modd

Sakakibara et al. [32] modd hybrid ARQ Il on a
broadcast channed with a fixed frame rate and
negligible propagation delay (compared to the frame
rate). They show that a larger k value yidds higher
throughput, espedally for large eror rate and large
number of recevers. However, the average transmis-
sion delay increases in proportion to k. Similar evalua-
tion methods and conclusions are presented by many
other studies aich as[9, 10.

Nonnenmacher et al. [4] studied FEC integration
with a centralized NAK-based RM scheme using an
analytical model where the source and the recevers
are mnneded via astar topology with digoint links.
They show that reactive FEC scales better than a cen-
tralized scheme without FEC. Reactive FEC reduces
the number of transmisdons by the source, at the e-
pense of coding at the end-systems. The sourceis the
batlened if the data is not pre-coded. The proactive
FEC scheme in [4] is gatic and does not adapt to the
lossrate fluctuation. [4] shows that thisform of proac-
tive FEC can be worse than that without FEC and
even worse in the presence of bursty losss. [4] aso
points out that FEC saves more bandwidth recvering
independent losses (vs. shared |0sEs).

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

angle to the bandwidth cost O from the network’s
perspedive (the number of forwards), while much
previous work is from the sourc€s perspedive (the
throughput or the number of transmisdons 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 multicast distribution tree However, from the
network’s view, it is advantageous to have more
shared links because the network is more productive,
performing lessforwards for each multi cast packet.

7 Conclusion

Forward error corredion (FEC) for reliable multi-
cast (RM) provides limited benefit with an efficient
RM protocol and detracts from performance with
multi -point streaming applications. For instance, with
the OTERS protocol, FEC provides margina reduc-
tion in recovery traffic yet significantly increases the
delivery latency. OTERS efficiently recovers gatialy
correlated losses via subcast, leaving few inefficient
cases for FEC to enhance Other less efficient proto-
cols, such as SRM and TMTP-uni, show far more
benefit but not sufficient to make them competitive
with OTERS. In particular, OTERS without FEC pro-
vides low latency delivery and 6 to 13 times lessre-
covery traffic (in 600-node topologies) compared to
SRM and TMTP-uni with FEC. It also avoids the -
code/decnde mmplexity and the associated delay,
procesing and storage overhead. Without FEC, OT-
ERS also autperforms TMTP-uni, which in turn out-
performs SRM, in both bandwidth and latency.

With OTERS, efficient RM is dependent on network
support for subcasting. Subcasting can be supported by
simple, stateless extensions to routers o is graight-
forward to add [18]. However, subcasting is not cur-
rently widely supported, and its absence seans like the
primary motivation to rely on more mmplex RM
techniques such as FEC. As more multicast applica-
tions are deployed in the Internet, we hope to seethe
benefits of subcasting more widely recognized, caus-
ing it to be widely supported and eliminating the need
for complicating RM protocols with FEC.

Acknowledgement

The authors would like to thank Armando Fox,
Craig Partridge, Lorenzo Vicisano, Pablo Molinero
and members of the Distributed Systems Group for
their valuable support and discussions.

Bibliography
[1] K. Miller, K. Robertson, A. Tweally and M. White,



“StarBurst Multicast File Transfer Protocol (MFTP) Speci-
fication”, work in progress ftp://ietf.org/internet-drafts/draft
-mill er-mftp-spec-03.txt

[2] S. Lin and D. J. Costello, “Error Control Coding: Fun-
damentals and Applications’, Prentice-Hall, 1983

[3] John W. Byers, Michad Luby, Michad Mitzenmacher,
and Ashu Rege, “A Digital Fountain Approach to Reliable
Distribution of Bulk Data”’, ACM SIGCOMM'98 Confer-
ence. Sept. 1998 Computer Communication Review (Oct.
1998 vol.28, no.4 p. 56-67

[4] J. Nonnenmacher, E. W. Biersack, and Don Towsley,
“Parity-based loss recovery for reliable multicast transmis-
sion”, IEEEACM TRANSACTIONS ON NETWORKING,
Aug. 1998 val.6, no.4, p. 34961

[5] J. Nonnenmacher and E. W. Biersack, “Reliable multi-
cast: Where to use FEC”, Procealings of 5th International
Workshop on Protocols for High Speed Networks. Oct.
1996 (PfHSN '96) p. 13448

[6] Luigi Rizzo and Lorenzo Vicisano, “A Reliable Multi-
cast data Distribution Protocol based on software FEC tech-
niques (RMDP)”, 4™ IEEE Workshop on High-Performance
Communication Systems (HPCS97) (1997 p. 11524

[7] J. P. Macker, “Reliable multicast transport and inte-
grated erasure-based forward error correction”, Proceedings
IEEEMILCOM, November 1997, p. 9737 val.2

[8] Eve Schoder and Jim Gemmell, “Using Multicast FEC
to Solve the Midnight Madness Problem”, Microsoft Re-
seach Technical Report, MSR-TR-97-25, September 1997,

[9] J. J. Metzner, “An improved broadcast retransmisson
protocol”, IEEE Transactions on Communications, June
1984 vol.COM-32, no.6, p. 679-83

[10] S. Lin, D. J. Costello and M. J. Mill er, “Automatic-
reped-request error-control schemes’, IEEE communication
magazine, 22(12):5-17, 1984

[11] S. Floyd, V. Jacobson, C. Liu, S. McCanne, L. Zhang,
"A Reliable Multi cast Framework for Light-weight Sesdons
and Application Level Framing', IEEEHACM Transaction on
Networking, Dec.1997vol.5 no.6 p.784-803

[12] David Freedman, “Markov Chains’, Holden-Day, Inc.,
San Francisco, 1971

[13] Jim Gemmell, “ Scalable Reliable Multi cast Using Era-
sure-Correcting Re-sends’, June 1997 Microsoft Reseach
Technical Report, MSR-TR-97-20, June 1997

[14] Roger G. Kermode, “ Scoped Hybrid Automatic Repea
Request with Forward Error Correction (SHARQFEC)”,
SIGCOMM' 98, September 1998 Computer Communication
Review (Oct. 1998 vol.28, no.4 p. 278-89

[15] R. Yavatkar, J. Griffioen and M. Sudan, “A Reliable
Dissemination Protocol for Interactive Collaborative Appli-
cations’, Proc. ACM Multi media 95 Conference.

[16] B. Levine, D. Lavo, and J.J. Garcia-Luna-Aceves, “The
Case for Concurrent Reliable Multicasting Using Shared
Ack Trees’, Proc. ACM Multi media 96 Conference.

[17] Jorg Nonnenmacher, Martin Lacher, Matthias Jing,
Ernst W. Biersack and Georg Carle, “How bad is reliable
multi cast without local recovery?’, INFOCOM'98.

[18] D. Li and D. R. Cheriton, “OTERS (On-Tree Efficient
Recovery using Subcasting): A Reliable Multi cast Protocol”,

Proceedings Sixth International Conference on Network Pro-
tocols. Austin, TX, USA 13-16 Oct. 1998 p. 237-45

[19] I. S. Gopal and J. M. Jaffe, “Point-to-multi point com-
munication over broadcast links’, IEEE Transactions on
Communications, vol. COM-33, no.3,pp-232-240, Mar. 95.

[20] R. H. Deng, “Hybrid ARQ Schemes for Point-to-
multipoint Communication over Nonstationary Broadcast
Channels’, |IEEE transactions on communications, vol. 41,
No. 9, September 1993

[21] H. Holbrook, S. Singhal and D. R. Cheriton, “Log
Based Receiver-Reliable Multicast for Distributed Interac-
tive Simulation”, Proc. SIGCOMM'95, Computer Commu-
nication Review (Oct. 1995 val.25, no.4 p. 32841

[22] B.N. Levine and J.J. Garcia-Luna-Aceves, “A Com-
parison of Reliable Multicast Protocals," Multimedia Sys-
tems (ACM/Springer), Val. 6, No.5, August 1998

[23] C. Papadopoulos, G. Parulkar, and G. Varghese, “An
Error Control Scheme for Large-Scale multicast Applica
tions’, Procealings IEEE INFOCOM'98 Conference on
Computer Communications, March 1998 p. 118896 vol.3
[24] C. Perkins, “IP Encapsulation within IP’, RFC 2003
October 1996

[25] W. Fenner, and S. Casner, “A "traceroute” facility for IP
Multicast”, Internet Draft <draft-ietf-idmr-traceroute-ipm-
02.txt>, November, 1997, work in progress

[26] H. Holbrook and D. R. Cheriton, “IP Multicast Chan-
nels. EXPRESS support for large-scale multicast applica
tions’, Proc. SSIGCOMM' 99, Sept. 1999 also http://www-
dsg.stanford.edwhol brook/express

[27] R. E. Blahut, “Theory and Practice of Error Control
Codes’, Addison Wesley, MA, 1984

[28] Luigi Rizzo and Lorenzo Vicisano, “Effective egasure
codes for reliable computer communication protocols’,
ACM Computer Communication Review, April 1997,
vol.27, no.2, p. 24-36

[29] UCB/LBNL/VINT Network Simulator - ns (version 2),
http://www-mash.cs.berkel ey.edu/ng/

[30] D. Waitzman, C. Partridge and S.E. Deeing, “Distance
Vector Multi cast Routing Protocol”, RFC1075 Nov. 1988

[31] K. Calvert, and E. Zegura, “GT Internetwork Topology
Models (GT-ITM)”, http://www.cc.gatech.edu/fac/Ell en.
Zeguralgt-itm/

[32] K. Sakakibara and M. Kasahara, “A multicast hybrid
ARQ scheme using MDS codes and GMD decoding”, IEEE
transactions on communications, 43(12):29332939 De-
cember 1995

[33] J. Linand S. Paul, “RMTP: A Relible Multicast Trans-
port Protocol”, Proceadings of IEEE INFOCOM '96. Confer-
ence on Computer Communications. p. 141424 vol.3

[34] UCB/LBNL/VINT Network Animator, http://www-
mash.cs.berkeley.edw/nam/

[35] M. Handley, ISl, “An Examination of Mbone LossDis-
tributions”, http://north.east.isi.edw/ mbonemon/, 1998



