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Abstract

In this paper, we present an optimal solution to the problem of error control in layered and replicated

media systems satisfying real-time constraints. In doing so, we rely on an apriori estimate of loss along

with a hybrid proactive FEC-ARQ scheme to statistically guarantee the quality of service for receivers.

Our optimal Layered Media Multicast Control (LMMC) solution to a formulation of the error control

problem analytically determines the redundancy assignment of individual groups associated with layered

media or replicated media minimizing a cost metric defined over wasted bandwidth of redundancy. We

also relate rate allocation and receiver partitioning aspects of LMMC to its error control aspect within

the context of this research work.

Index Terms

Multicast IP Networks, Layered Media, Replicated Media, Error Control, Apriori Estimate of

Loss, Statistical Guarantee of QoS.

I. INTRODUCTION

Transmitting real-time compressed digital media over multicast IP networks has been the subject of

heavy research in the recent years as surveyed by Li et al. in [15] and the references cited therein.

Replicated media streams approach first presented by Cheung et al. [8] within the context of DSG protocol

and layered media streams approach first proposed by Deering et al. [9] in the context of multicast routing

and by McCanne et al. [21] in the context of RLM protocol are convincingly the two most important

methods in this area.

Realtime video and audio have limited tolerance for random loss within the compressed digital stream.

The quality of decoded media at the receiver is subject to significant degradation as the result of excessive

loss from network congestion or latency. In order to overcome the loss effects, error control techniques

can be used. There have been three general error control approaches in the context of media multicasting.
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The first approach is retransmission-based automatic repeat request (ARQ) approach. Different ARQ

approaches and protocols have resulted from the interest in providing resilient multicast service for real-

time data, where retransmissions occur only if data can be delivered before a real-time deadline. Two of

such approaches are the error control aspect of LVMR presented by Li et al. [17] and STORM presented

by Xu et al. [34]. Both approaches form virtual trees with the source as the root and receivers as internal

and leaf nodes. Recovery is implemented by sending all repair requests and retransmissions using unicas-

ting along this tree. Repairs can be performed with low latency provided that they do not need to traverse

numerous links within the receiver-based tree. However, substantial delays can occur with loss close to

the source. In such cases, the transmission path to a receiver can be significantly longer than the multicast

route direct from the source since repairs occur as a series of unicast transmissions between receivers.

The second approach is pure Forward Error Correction (FEC) approach. Error correcting codes were

initially applied in domains where bits could be erroneous or missing and later applied to repairing packet

loss at the network layer. In the latter case, FEC is used to reduce the bandwidth overhead of repairing

errors or loss in packet streams. The sender forms blocks of packets where each block consists of a sub-

set of the data packets it wishes to deliver reliably. The number of data packets that are used to form a

block is commonly referred to as the block size,
�

. The sender inputs
�

packets into its encoder then

generating repair packets for that block. A receiver uses its decoder to recover
�

data packets from any

combination of
�

distinct packets of the block and/or repairs generated for the block. Many researchers

used different variations of packet-level FEC in the context of reliable and/or real-time multicasting ap-

plications. Rubenstein et al. [27] introduced the idea of using real-time reliable multicast using proactive

FEC, Brockners [6] used FEC to accommodate congestion in reliable multicast bulk data transfer. Rhee

et al. [25] presented a multicast layering scheme in which the FEC repair packets were proactively dis-

tributed among multiple multicast groups. Kasera et al. [12] used multiple multicast grouping to solve

the repair locality problem where receivers who lost the same packets join the same multicast group for
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retransmission of the packets. Zhang et al. [38] investigated the techniques for optimal assignment of

proactivity factor in case of deploying proactive FEC techniques.

The third approach is hybrid FEC-ARQ approach. Hybrid approaches that combine FEC and ARQ

have been proposed and classified for repairing loss and noise at the bit and packet-level. Type I hybrid

approach suggests sending data and proactively sending FEC repairs but retransmitting data directly if

these repairs are insufficient. Type II hybrid approach uses FEC to send repairs based on retransmission

requests, and sends nothing proactively. Towsley et al. [30] showed that a hybrid approach combining

FEC with ARQ could significantly reduce bandwidth requirements of a large reliable multicast session

over the one using stand-alone ARQ. Nonnenmacher et al. [23] presented a preliminary analysis that

compares the benefits of combining local recovery with an FEC-ARQ hybrid technique. Maxemchuk

et al. [20] proposed a distributed repair architecture known as client-server recovery. Kermode [13]

introduced SHARQFEC a hierarchical reliable multicast error recovery protocol. Carle et al. [7] provided

an extension to SHARQFEC protocol as an adaptive hybrid protocol for supporting real-time continuous

media. Yoon et al. [35] introduced ARM yet another hybrid error control protocol.

The main objective of the current research work is to provide an analytical framework for the error

control of layered and replicated media systems over multicast IP networks. The scope of our work

addresses the issues of media systems error control and Quality of Service (QoS) within the context of

Layered Media Multicast Control (LMMC) protocol. We also relate the error control scope of LMMC to

its rate allocation and partitioning scope discussed in [36].

In this study, we assume the existence of congestion and flow control mechanisms capable of dynami-

cally addressing inter-session fairness issue, i.e., a fair distribution of available bandwidth among multiple

media and other sessions such as TCP sessions. Typical examples of such mechanisms are given in [31],

[18], [33], [24], and [32]. Rather, the error control aspect of LMMC manifests in dynamic distribution of

an available bandwidth among data and redundant traffic portions. For each individual multicast group
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related to a layered or a replicated media system, LMMC specifies the assignment of data and redundancy

bandwidths such that the resulting redundancy bandwidth wastage is minimized.

The main contribution of this paper is in four areas. First, the paper studies temporally independent and

correlated loss models utilized in a type I hybrid FEC-ARQ error control scheme considering real-time

requirements of media multicast systems. The paper does so by extending the results of the studies pro-

posed by us [37], Rubenstein et al. [27], and Towsley et al. [30]. In this area, the analysis results allow

individual receivers of each multicast group to provide the source with an apriori estimate of their re-

dundancy requirement in order to statistically guarantee quality of service. Second, the paper formulates

an optimal control problem aiming at minimization of a cost function related to the redundancy wasted

bandwidth. In its general form, the formulation of LMMC optimal error control problem resembles the

formulation of the LMR protocol proposed by Rhee et al. [25] within the context of reliable multicast.

However, it differs from LMR considering specific constraints of real-time latency. The paper also pro-

poses an analytical solution to the optimal control problem. Third, the paper analyzes the impact of

feedback implosion when dealing with large multicast groups and changes the general formulation of the

problem such that feedback implosion impact can be effectively eliminated. LMMC analytical approach

in this area also proposes a solution with much lower complexity than the dynamic programming solution

of [25]. Finally, the paper relates the results of the current study as the error control aspect of LMMC to

its rate allocation and receiver partitioning aspects proposed in [36] as an integrated solution for media

multicast systems. By solving rate allocation, receiver partitioning, and error control problems within

the scope of a hybrid media systems protocol, LMMC also resolves the so-called dynamic adjustment of

proactivity factor problem for its hybrid FEC-ARQ approach.

In summary given the overall available bandwidth to different groups of a media session, LMMC solu-

tion to a formulation of the error control problem identifies available bandwidth to data and redundancy

portions statistically guaranteeing quality of service for individual receivers of each group. In doing so,
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LMMC error control solution minimizes the overall bandwidth wastage of the session due to deployment

of error control schemes while not compromising specific constraints of quality of service and session

latency. It is important to note that the technique proposed in this paper can be independently applied to

both replicated media as well as layered media systems.

An outline of the paper follows. In Section II, we adopt the notion of round-based delivery of real-time

reliable multicast information for LMMC error control scheme while considering temporally independent

and correlated loss models for a type I hybrid FEC-ARQ approach utilized in our study. In this section,

we provide an analysis of statistically guaranteeing quality of service for different size multicast groups

in media systems. In Section III, we analytically solve the formulation of the optimal control problem

considering wasted bandwidth of individual multicast groups. We also consider the impact of feedback

implosion when dealing with large multicast groups and propose an effective tuning in LMMC formula-

tion that is capable of eliminating implosion impacts. In Section IV, we relate the error control aspect of

LMMC to its rate allocation and partitioning to offer an integrated solution for media multicast systems.

In Section V, we integrate the results of our analytical work into LMMC error control protocol. In Section

VI, we focus on performance evaluation and provide simulation results along with practical considera-

tions. Finally, Section VII concludes the paper providing a discussion of future work and concluding

remarks.

II. LMMC ANALYSIS OF REDUNDANCY

We begin our analysis by providing a brief overview of a media session according to LMMC rate allo-

cation and partitioning work in [36]. Consider a multicast media session with a partitioning of receivers

into � data groups. For a media session with � receivers and � data groups, each group �����	��

�
�
��
����
consists of ��� receivers such that ������������ ��� . For such a media session a set �����! �!" �
�
� "  � � is

called a partitioning of the receiver set �	��

�
�
�!
��#� if � is a decomposition of the set of receivers into a
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family of disjoint sets. The term group rate is used to denote aggregated receiving data rate of a receiver

in the group while the term layer rate is used to denote transmission data rate to a specific layer. For an

ordered partitioning of receivers into � data groups with ordered group data rates of $ � 
%$'&�

�
�
�(
%$ � such

that $ �*) $�& ) �
�
� ) $ � , the layer data rates of a layered media session are calculated in the form of

$ � 
%$'&,+�$ � 
%$'-.+�$�&�

�
�
�(
%$ � +�$ �0/ � (1)

A receiver in data group � subscribes to data layers 1 through � receiving an aggregated data rate of$'� . Interpretation of our formulation in case of replicated media streams is also straight forward. For an

ordered partitioning of the receivers into � data groups  � 
1 2&�

�
�
��
1 � with ordered group data rates of$ � 
%$�&�

�
�
��
%$ � such that $ �*) $'& ) �
�
� ) $ � , the layer data rates are the same as the group data rates. A

receiver in group � only subscribes to layer � receiving a data rate of $3� .
We now turn our focus on the analysis of redundancy for a layered media session. We start by adopting

the general notion of round-based delivery of real-time multicast information for LMMC error control

scheme as proposed in [27] and continue by making necessary changes to make the original protocol

fit into the framework of LMMC. We begin our discussion by providing the definition of a statistical

guarantee for quality of service in a custom tailored type I hybrid FEC-ARQ scheme utilized in our study

and continue by investigating how our definition is applied to temporally independent and correlated

loss models relying on the so-called Bernoulli and Gilbert models respectively. We also introduce two

alternatives appropriate for moderate and large size multicast groups in media systems with negligible

NAK traffic in the latter case.

A round-based hybrid FEC-ARQ error recovery scheme for delivering multicast information appropri-

ately applies to real-time scenarios in which a hard deadline has to be met. This deadline typically has to

do with the availability of data at the playback time in a multimedia application. For each receiver, a hard

deadline can be expressed in terms of the available number of rounds. Assuming that a hard deadline is
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given by 45� time units for a data group  6� and a receiver 7 in data group  6� measures the average round

trip time of a packet from the session source to be 8:9,9�; time unit, the number of available rounds for

receiver 7 is calculated as 8=<�;>�@? 4
�8:9,9 ; A (2)

Applying the round-based concept to individual data groups �! � 

�
�
�5
1 � � of a media session, the avail-

able number of rounds for data group  6� is defined as

B �2�DCFEHG; 8=<�;JIK7L�M =� (3)

In the original round-based protocol of [27], the authors introduce two statistical methods relying on

which a receiver can recover a block of data with a given probability, N . In the first method Last Round

Guarantee (LRG), a receiver guarantees that if a last round is necessary enough repairs are delivered

in that round to assure the conditional probability of receiving all packets in the block is greater than

the given probability N . In the second method Block Good Put (BGP), a receiver achieves an overall

block good put rate such that the data block is recovered on or before going to the last round with the

given probability N . Considering that the receiver has to specify the number of packets going to the last

round, neither one of these methods are appropriate for error recovery techniques relying on an apriori

knowledge or estimate of loss.

In what follows we propose a novel method appropriate for error recovery techniques relying on an

apriori estimate of loss. In the first step of our method, we provide an analysis of calculating the number

of required redundant packets in order to guarantee recovering a data block with a probability greater

than a given probability N . Considering the fact that the analysis of the first step calculates the number

of redundant packets independent of the round-based recovery scheme, we fit the results of the first step

into a round-based scheme in the second step.

Prior to proposing new techniques that can be effectively employed for error recovery techniques rely-
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ing on an apriori estimate of loss, we briefly explain the single-state Bernoulli and the two-state Gilbert

models. The simplest loss model describing packet loss in the Internet is the single state Bernoulli model

assuming the probabilities of loss among different packets are temporally independent. In the Bernoulli

model, the probability of receiving at least O packets from P transmitted packets is given by

<�QRPS
TOVUL� WX; �ZY [ P 7(\ Q%�,+�]^U ; ]>_ W / ;a` (4)

for a packet loss probability of ] . Bernoulli loss model is a suitable tool for capturing the loss pattern of

slowly varying network conditions such as dedicated ISDN lines and/or controlled processes by means

such as packet interleaving insertion methods. However as pointed out in [22], [27], and many other

articles, Internet packet loss typically undergoes burst loss representing temporally correlated loss. This

is related to the fact that many of the routers utilized in the Internet have deployed drop-tail routing.

The two-state Gilbert loss model provides an elegant mathematical model to capture the loss behavior of

ever-changing network conditions. In the Gilbert model, packet loss is described by a two-state Markov

chain as described in Figure 1. The first state  known as the GOOD state represents the receipt of a

packet while the other state
�

known as the BAD state represents the loss of a packet. The GOOD state

introduces a probability �cb��Dd of staying in the GOOD state and a probability �*+#�eb of transitioning

to the BAD state while the BAD state introduces a probability �gfh�ji of staying in the BAD state and a

probability �Z+k� f of transitioning to the GOOD state. The parameters d and i can be typically measured

from the observed loss rate and burst length.

In [37] we show that assuming an arbitrarily far start instant of time for the Markov chain of Figure

1, the closed-form expression for receiving exactly O packets from O�lnm transmitted packets under the

Gilbert loss model is given by

�oQROplqm3
TO3Ur�s�tQRO=lqmu
TOv
1 pU�lq�oQROplqm3
TOv
 � U (5)

where �oQRO6lwm3
TOv
1 pU the probability of receiving exactly O packets from O6lxm transmitted packets and
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Fig. 1. The two-state Gilbert loss model with the state transition probabilities y>z�{v| and y}z�{3~ for {3|���� and {3~���� .

winding up in the GOOD state is given by

�oQROpl�m3
TOv
1 6UM�d Y /v� Q%�,+�i�UcQ%�,+�d}U��� ��/ �; �^�F� �
/ �;o� � Y;H� � � QRiod}U ��/ � / ;>� Q%�,+�i�U�Q%�,+�d>U�� ;��$���� l d Y /v��/ � Q%�,+#i�U���h�; �^� � � ; � � Y / �; � QRiod}U ��/ ; � Q%�,+#i�U�Q%�,+�d>U�� ;�e�����
(6)

�oQRO,l�m3
TOK
 � U the probability of receiving exactly O packets from O.l#m transmitted packets and winding

up in the BAD state is given by

�oQROplqm3
TOv
 � UM�d Y /v� � � Q%�,+�d>U���h��/ �; �^�F� �
/ �; � � Y ; � QRiFd}U �
/ � / ; � Q%�*+�i�U�Q%�,+�d}U�� ;�c$���� l d Y /v� Q%�,+�i�U�Q%�,+�d>U���h��/ �; �^�F� �;H� � � � Y / �; � QRiod}U ��/ � / ; � Q%�*+�i�U�Q%�,+�d>U�� ;�g�����
(7)

for Ov
�mt���	��
���
���

�
�
�R� , steady state probability of the GOOD state $V����� � /u�& /3�'/u� , steady state probability
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of the BAD state �
���M� � /3�& /3�'/u� , and the following initial conditions.

�oQROK
��V
1 pU�����oQROK
TOv
 � U�����oQROK
TOv
1 pU���d Y $'����l Q%�,+�i�U�d _ Y / � ` ������oQROK
��V
 � U¡�¡Q%�,+�d}U�i _ Y / � ` $ ��� l¢i Y � ���
(8)

Utilizing equality <�QROplqm3
TOVUM� Y � �X; �ZY �tQRO=l�7�
T7�U (9)

and imposing a practical upper bound of O on the value of m , [37] also introduces the following algebraic

placement algorithm with a time complexity of £�Q¤m�OVU to calculate the smallest number of required trans-

mitted packets P���O�l¥m in order to guarantee the receipt of at least O packets with a probability N or

better for a system governed by the Gilbert loss model.

Statistical Guarantee for Packet Arrival Algorithm¦¨§^©!ª Q¤m«��� ¬ © O3U��
– Calculate �oQRO=l�m3
TOVUe�j�oQRO2l�mu
TOv
1 pU>l��tQRO2lqm3
TOK
 � U from Equation (6) and Equation (7).

– If <�QRO=lqmu
TOVU®­xN Break.

� /* §^©!ª Q¤m���� ¬ © P}U */¦ Report the number of required packets, P¯�nO=lqm .
Taking into consideration specific design issues of LMMC pertaining to combining its rate alloca-

tion/partitioning aspects with its error control aspect and considering the above algorithm, we now pro-

pose two new alternatives in providing a statistical guarantee within the context of our current discussion.

In the first alternative which we refer to as the Dynamic Mode (DM) of requesting redundant packets,
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we propose that an individual receiver 7 of a media session data group  �� waits until the last round in

order to report its required redundancy by finding P>; either from the Bernoulli model or from the Gilbert

model assuming the receiver is in need of O	; packets going to the last round. An individual receiver 7 then

reports ª ;>�jCFEHG>QRPK;�
 � �'U as its redundancy requirement where
� � indicates the block size for data group 2� 1. We note that DM method is essentially an enhanced version of LRG adopted for layered media

systems. The major differences between DM and LRG methods are utilization of closed-form solutions

rather than recursive solutions in case of utilizing the Gilbert loss model and considering an upper bound

on the number of redundant packets.

In the second alternative which we categorize under the Static Mode (SM) of requesting redundant

packets, we propose that an individual receiver 7 of a media session data group  k� carries out an apriori

estimate of loss. In our analysis pertaining to SM alternative, we consider a block recovery probability

of N:� with equal per round probabilities of °}� for the available number of rounds in data group  �� of a

media session. Assuming the source of a media session only initiates a new transmission round for the

receivers of data group  p� as the result of receiving at least one NAK from the receivers of the group, we

relate the two quantities as N0�=���,+wQ%�*+#°v��U�±'² (10)

yielding °v�=���.+�³ ²´ �.+#N:� (11)

Hence, given the overall probability of block recovery N«� for data group  =� , the per round probability of

block recovery is calculated from Equation (11).

In the second alternative a receiver obtains an estimate of required redundant packets by assuming that

it receives an expected number of packets according to its probability distribution <�QRP�;%
TO�;µU going from¶
For practical reasons, we place an upper bound equal to the block size on the redundancy requirement of data group · ² .
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one round to another. Inserting an assurance coefficient ¸ in the range of � ) ¸º¹»� and starting from

an initial value of O';p��QR¸D+¼�(U � � for the first round, the number of requested packets P>; requested

by receiver 7 in each round is hence calculated by deducting the expected number of arrived packets in

the previous round from the current value of O	; . Consequently, receiver 7 of data group  «� calculates

the number of packets for round ½ indicated by Pv¾ ; based on the expected number of required packets for

round ½ indicated by O ¾ ; as <¿QRPV¾ ; 
TO!¾; U®­x°K� (12)

utilizing either the Bernoulli or the Gilbert loss model. We note that Equation (12) holds assumingO!¾; �»O!¾ / �; +»ÀP�¾ / �; for O �; �ÁQR¸x+w�(U � � and realizing the fact that the term ÀPv¾ / �; indicates the expected

number of arrived packets in round ½6+x� . We also note that ÀPZ¾ / �; �ºQ%�,+¯]^U1ÂÃP�¾ / �; in case of utilizing the

Bernoulli model and ÀPu¾ / �; �¥$����5ÂÃP�¾ / �; in case of utilizing the Gilbert model. Overall required redundancy

of receiver 7 is, then, calculated as ª ; �jCFEÄG>Q ± ²X¾ ��� P ¾ ; 
 � ��U (13)

The receiver then announces its overall redundancy and per round required redundancy sequence ª ; and�5P �; 

�
�
��
TP ± ²; � to the source.

From a complexity stand point, our approach introduces a time complexity of £�Q � ��U in case of utilizing

the Bernoulli loss model. The complexity of our approach is £�Q¤m � �'U in case of utilizing the Gilbert loss

model where m is the smallest number chosen in order to statistically guarantee the receipt of at least O
packets from O«lwm transmitted packets. We note that in the latter case, the complexity of our approach

matches that of a dynamic programming approach £�Q � &� U only in its worst case scenario.

We note that the main objective in the second alternative is to provide the receivers with an opportunity

to recover a block with equal probabilities °}� in each round. The latter is of special interest from the

design stand point of LMMC in which an apriori estimate of receivers loss is required in order to combine
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rate allocation and receiver partitioning aspects of a media system with its error control aspect. At the

end of this section, we mention that the overhead of combining rate allocation, receiver partitioning, and

error control aspects of a media system makes DM and SM methods suitable for moderate and large size

multicast groups respectively. We leave the discussion of rate allocation/partitioning aspects of LMMC

with its error control aspect to Section IV.

III. LMMC OPTIMAL SOLUTION TO THE ERROR CONTROL PROBLEM

A. General Formulation

Having calculated the required redundancy for individual receivers of a multicast group in a media

multicast group, we now focus on the formulation of the optimal error control problem and LMMC’s

analytical solution to the problem. We formulate our layered real-time error control problem in a way

similar to Layered Multicast Recovery (LMR) protocol proposed in [25]. However, we make note of

the differences in the formulation as well as the solution. We note that unlike the formulation of [25]

that is intended for reliable multicast, the formulation of our problem is within the context of layered

or replicated media systems and is hence subject to real-time constraints applied to media systems. In

addition, because of targeting at providing a set of integrated protocols for media systems in conjunction

with what was discussed in [36], we rely on an apriori estimate of redundancy. Finally, rather than relying

on dynamic programming, we propose a lower complexity analytical solution to the problem within the

context of LMMC error control protocol. In our error control model for media systems, we associate Å5�
multicast redundancy groups with every individual data group  �� . Although we apply a fixed value to

parameter Å�� in our formulation, we mention that the choice of Å�� is a design parameter with the objective

of providing a balance between bandwidth wastage and overhead of managing multicast groups.

The sequence of events is as follows. First, the source polls individual receivers about their redundancy

requirement with the details of polling mechanism discussed in Section V. Receivers then respond based
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on one of DM or SM schemes of Section II indicating the number of redundant packets required to

statistically guarantee the recovery of data blocks. We note that the process of collecting redundancy

information is subject to feedback implosion and address the implosion problem in the next subsection.

Assuming a block size of
� � for data group  =� , the source transmits

� � data packets to data group  6�
followed by Æ ¾ redundant packets for ½��Ç��

�
�
��
�ÅT� to Å�� independent redundancy groups. From a layering

stand point, the formulation of the error control problem is similar to the two-phase rate allocation and

partitioning problem of our earlier work in [36]. This means that a receiver can subscribe to a redundancy

group only if it has already subscribed to all of the previous redundancy groups. However, we note that

in this case the collection of redundancy groups �	��

�
�
��
�Å��	� combined together are considered to be the

error control groups associated with data group  «� in the rate allocation and partitioning problem.

In this analysis, we consider a partitioning of the receivers of data group  k� into Å�� groups according to

their redundancy requirement. For data group  �� with ��� receivers we associate ÅT� redundancy groups,

each redundancy group Æ ¾ with ½����	��

�
�
�(
�Å��	� carrying a portion of redundant traffic. For a data group 2� , a set È,�2�Ç�(8 �!" �
�
� " 80É ² � is called a partitioning of the receiver set of data group  ��=�»�	��

�
�
��
����	�
if È,� is a decomposition of the set of receivers into a family of disjoint sets. The term group rate is

used to denote the aggregated receiving redundancy rate of a receiver in the group while the term layer

rate is used to denote the transmission redundancy rate to a specific layer. For an ordered partitioning

of receivers into Å%� redundancy groups with ordered group redundancy rates of Æ � 
TÆÊ&!

�
�
��
TÆ	É ² such thatÆ � ) Æ &k) �
�
� ) Æ É ² , the layer redundancy rates of a layered error control scheme are calculated in the

form of Æ � 
TÆÊ&.+�Æ � 
TÆÊ-.+�Æ�&�

�
�
��
TÆ	É ² +�ÆÊÉ ² / � (14)

A receiver in redundancy group ½ subscribes to layers 1 through ½ receiving an aggregated redundancy

rate of Æ ¾ . A receiver, hence, subscribes to a subset of redundancy groups associated with its calculated
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loss rate. As loss rate varies over the time, a receiver can join extra or leave already subscribed multicast

redundancy groups to dynamically adapt to its redundancy requirements with the cost of joining and

leaving multicast groups being less than retransmission cost. As it will be explained in the following

sections, LMMC error control protocol employs built-in mechanisms in order to control the overhead of

receivers joining and leaving multicast groups considering real-time constraints of media systems. We

note that the implications of utilizing such built-in mechanisms manifests in controlling the timings in

which receivers are allowed to subscribe to extra redundancy groups.

In order to formulate a per group error control problem for the individual data groups  F� with �n��	��

�
�
�!
��h� of a media session, we first define the function Ë�Ì*� as the bandwidth wastage of data group 2� over all of its redundancy groups 8 ¾ with ½t���	��

�
�
��
�Å��	� as

Ë�Ìg�0ÍÏÎÑÐ� É ²X¾ ��� X;RÒ�Ó�Ô QRÆ ¾ + ª ;ÑU (15)

Assuming there exists a per data group upper bound on the maximum number of redundant packets in the

form of CFÕ!ÖV; ª ;S�»×�� where ×�� ) � � , we formulate the optimal error control problem of the individual

data groups  =� of a media session as

CFEÄGØ ¶TÙÃÚÃÚÃÚ Ù Ø�Û ² Ë�Ìg� � CFEHGØ ¶TÙÃÚÃÚÃÚ Ù Ø�Û ² É ²X¾ ��� X;RÒ�Ó�Ô QRÆ ¾ + ª ;ÑU (16)

Subject To: ª ;�) Æ ¾ IK7L�r8 ¾ (17)

Æ	É ² ) � � ½o���	��

�
�
�(
�Å����
where Å�� with �x�D�	��

�
�
��
���� is the number of redundant groups associated with data group  �� . We

note that taking into consideration the efficiency issue as well as the relationship between the group rates

and the layer rates, we have limited the redundancy bandwidth of each group in the form of Æ^É ² ) � � for�����	��

�
�
�!
���� .
We are now in a position to provide the LMMC solution to Equation (16) with Constraint (17). Rather



17

than relying on a dynamic programming approach as suggested in [25], we utilize an analytical approach

in solving the problem. Considering the general objective of minimizing the cost function of Equation

(15), it is imperative to assign a receiver 7 with required redundancy ª ; to the redundancy group 8 ¾
with the group redundancy rate Æ ¾ for a set of given group redundancy rates �5Æ � 

�
�
�5
TÆ�Å��	� , if the receiver

bandwidth wastage QRÆ ¾ + ª ;µU®­x� is minimized for the choice of Æ ¾ . As the result, we make the observation

that the optimal receiver partitioning strategy has to assign receiver 7 with the isolated rate ª ; to the

redundancy group 8 ¾ with the group redundancy rate Æ ¾ such that

� ) QRÆ ¾ + ª ;µU ) QRÆÊÜv+ ª ;µUÞÝ����	��

�
�
��
�Å���� (18)

It is proven in Lemma (II.1) of [26] that for such partitioning of the receivers utilized in LMMC

formulation, the optimal redundancy rate of each partition is equal to the largest redundancy requirement

of the receivers of that specific partition, i.e.,

ÆVß¾ �jCFÕ!Ö;RÒ�Ó�Ô ª ; ½o�¿�	��

�
�
�!
�Å���� (19)

Let us now pay attention to the implication of the latter result in case of applying an optimal partitioning

strategy to a simple partitioning of the receivers into two redundancy groups. For an ordered partitioningÈ.�=�»�(8 � 
�8:&!� of the receivers  p�=�»�	��

�
�
��
�à � 
�à � l���

�
�
�(
�à�&!� with à � indicating the last receiver

of partition 8 � and à & indicating the last receiver of partition 8 & , we note that an ordered partitioningÈ.�á�¢�(8 � 
�82&!� has to be changed moving a receiver â with redundancy requirement ª � and all of the

receivers with greater redundancy requirements from partition 8 � to partition 8=& if the resulting cost

function ( Ë�Ì=ã ) is less than the current cost function ( Ë�Ì�ä ) , i.e.,

Ë�Ì ã ¹åË�Ì äLæ� / �X¾ ��� Q ª � / � + ª ¾ U>lÇç
¶X¾ � � Q ª ç:è + ª ¾ U�¹éç ¶X¾ ��� Q ª ç ¶ + ª ¾ U æ� / �X¾ ��� ª � / � l ç

¶X¾ � � ª ç:è ¹ ç ¶X¾ ��� ª ç ¶ æ



18Qµâ:+¨�(U1Â ª � / � l�Qµà � +�âglj�(U1Â ª ç0è ¹êà � Â ª ç ¶ (20)

In other words, a receiver â with redundancy requirement ª � and all of the receivers with greater redun-

dancy requirements in partition 8 � have to move to partition 8p& if

à � Q ª ç è + ª ç ¶ U�¹ëQµâ0+x�(U^Q ª ç è + ª � / � U (21)

Likewise, a receiver ¬ with redundancy requirement ª'ì and all of the receivers with lower redundancy

requirements in partition 8p& have to move to partition 8 � if

à � Q ª ç:è + ª ç ¶ U�¹å¬^Q ª ç:è + ª5ì U (22)

Generalizing this approach for an ordered partitioning �(8 � 

�
�
�5
�8:É ² � of the receivers, we propose the

following iterative algorithm to solve the optimal error control problem of Equation (16) with Constraint

(17).

LMMC Error Control Algorithm: An Iterative Layered Partitioning Approach¦ Step 1: Start from an initial ordered partitioning of the receivers by uniformly distributing the re-

ceivers among the redundancy groups. In addition, set the initial iteration number 7�¬p�@� and the

maximum number of iterations 7Ñ¬Tígî�ï .¦ Step 2: Calculate the optimal redundancy rates of each partition 8 ¾ with ½t���	��

�
�
�(
�Å��	� from Equa-

tion (19) and the resulting error control cost function Ë�Ì0� from Equation (15). Save the previously

calculated Ë�Ì®� in variable ð � and the currently calculated Ë�Ì,� in variable ð & .¦ Step 3: If ñ ò ¶ / ò è ñò ¶ ¹wó or 7Ñ¬®ô¨7Ñ¬�íeî�ï STOP.¦ Step 4: §^©!ª Qa½��DÅ�� õ ©!ö*÷ ¬ © ��U��
– Repartition groups ½«+x� and ½ according to Equation (21) and Equation (22).

� /* §^©!ª Qa½��DÅ�� õ ©�ö0÷ ¬ © ��U */



19¦ Step 5: Go back to Step 2.

For the sake of clarity we note again that as a part of an integrated media session solution, the above

algorithm has to be independently applied to redundancy multicast groups 8 ¾ with ½q� �	��

�
�
�!
�Å��	� of

individual data groups  p� where �á���	��

�
�
�(
���� in a media session.

In LMMC error control algorithm, the initial conditions are chosen in the first step. While the second

step selects the optimal redundancy rates, the third step merely checks to terminate the algorithm accord-

ing to the specified conditions. Finally, the fourth step indicates the re-partitioning strategy. We also note

that LMMC error control algorithm moves multiple receivers with the same redundancy requirements

from one redundancy group to another together.

Theorem 3.1: “LMMC Error Control Algorithm” given in this section converges to a local minimum.

A formal proof is given in Appendix I. Intuitively, LMMC algorithm is employing steepest descent op-

timal control strategy. It is important to note that considering the convergence speed of the proposed

LMMC algorithm as proven by steepest descent approach and supported by our simulation results of

Section VI, the use of LMMC error control algorithm yields fast converging results.

B. Suppressing the Impact of Feedback Implosion

As mentioned in [25], the original formulation of the error control problem for reliable multicast sys-

tems and consequently the one in Section III.A are subject to feedback implosion. In this section, we

make the necessary changes in LMMC error control protocol to address the feedback implosion issue.

Our modified protocol can be applied to both reliable multicast systems as well as real-time media sys-

tems over multicast IP networks.
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We start by pointing out that in our specific case, feedback implosion is the result of individual receivers

reporting their required redundancy to the source. However it can be easily observed that for a block

size of
� � in group  =� with �j�Ç�	��

�
�
�!
��h� satisfying Constraint (17), all of the receivers’ reported

redundancy numbers are in the range of � ��
 � �(� 2. The source can, hence, rely on a hierarchical tree-based

feedback aggregation protocol similar to the one proposed in [19] or [14] to poll the receivers for their

required redundancy. To be more specific, the source first sends a message to data group  F� specifying

the block size
� � for the group. The source then continues by multicasting individual polling packets for

the number of redundant packets 7 in the range � ��
 � �5� to find out about the number of receivers associated

to each number 7 . The method can effectively eliminate the feedback implosion effect and depending on

the desired granularity, the source can even announce a subset of the numbers in the range of � ��
 � ��� as

the acceptable values of redundancy to the receivers. In the latter case, each receiver can report the closest

number to its calculated redundancy to its upstream and eventually the source.

The use of the above-mentioned method changes the formulation of the error control problem of group 2� from Equation (16) with Constraint (17) to

CFEHGØ ¶%ÙÃÚÃÚÃÚ Ù Ø1Û ² Ë�Ì«ø�� � CFEHGØ ¶%ÙÃÚÃÚÃÚ Ù Ø�Û ² É ²X¾ ���
f ²X; ��� ö ¾ ;}QRÆ ¾ +�7�U (23)

Subject To: ÆÊÉ ² ) � � (24)

where ö ¾ ; indicates the weighting function associated with the receivers in group ½ requesting redundancy7 and � É ²¾ ��� � f ²; ��� ö ¾ ;c����� . It is also important to note that ö ¾ ;c��� if Æ ¾ ¹D7 or if a receiver does not

belong to redundancy group ½ . Also note that in Equation (23), the redundancy requirements of the set

of receivers accepts values from the set of natural numbers in the range of � ��
 � �(� and the inner sum

upper limit has been changed to
� � from the range of the redundancy group receivers in Equation (16).è Make note of the fact that receivers with zero redundancy requirement will have no impact on the cost function of Equation

(16).
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Equation (23) with Constraint (24) can be solved using the same method utilized in Section III.A making

note of the fact that Theorem (3.1) still holds. The proof is similar to that of Theorem (3.1) and is skipped.

The time complexity of solving for this equation is £�Q¤ù � �'U where ù indicates the number of iterations.

IV. LMMC INTEGRATION OF ERROR CONTROL WITH RATE ALLOCATION AND PARTITIONING

In [36], we formulated rate allocation and receiver partitioning problems of layered media systems

within the context of LMMC protocol in the form of

CoÕ!Öú ¶%ÙÃÚÃÚÃÚ Ù ú�û ùÊ8=üpý,þZÿ ì � CFÕ!Öú ¶%ÙÃÚÃÚÃÚ Ù ú�û �X����� ùÊ8=üpý:� (25)

� CFÕ!Öú ¶%ÙÃÚÃÚÃÚ Ù ú�û �X����� X;RÒ'b ² Qµ�*l��3U ª ; $��$ &� l�� ª ; $'�®l ª &;
Subject To: $�� ) BWL � �o�º��

�
�
�(
�� (26)

$'� ) BWF � �o�º��

�
�
�(
�� (27)

where BWL � in the constraint of Equation (26) was defined as BWL � � CFEÄGV; Ò'b ² ���� / � � , and the constraint

of Equation (27) indicated the available group bandwidth as the result of enforcing a per group inter-

session fairness algorithm. Further, the group fairness utility function ù	8=üpý�� was defined as

ù	8=üpý:� � X;RÒ'b ² Ë�Q ª ;%
%$��'Uc� X;RÒ'b ² Qµ�*l��3U ª ;R$��$ &� l�� ª ; $'�®l ª &; (28)

By defining
� ø»ý:� � CFEHG}Q BWL �Ê
 BWF �!U , we converted the rate allocation problem to

CFÕ!Öú ¶TÙÃÚÃÚÃÚ Ù ú û ù	8=üpý*þKÿ ì � CFÕ!Öú ¶%ÙÃÚÃÚÃÚ Ù ú û �X�
��� ù	8=üpý:� (29)

� CFÕ!Öú ¶%ÙÃÚÃÚÃÚ Ù ú û �X�
��� X;RÒ�b ² Qµ�*l��3U ª ;R$'�$ &� l�� ª ;R$��.l ª &;
Subject To: $'� ) BWA � �o�º��

�
�
�(
�� (30)

We noted while Constraint (26) reflected the receivers bandwidth processing capabilities, Constraint (27)

was the result of employing a flow control mechanism with the objective of enforcing inter-session fair-
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ness among different flows. Further, we converted the general problem of Equation (29) and Constraint

(30) to an optimization problem without constraints by defining a Lagrangian function in the form of

	  �
�Ó
� � ù	8=ü6ý,þKÿ ì l �X�
��� � �®Q $��2+ BWA ��U
� �X�
��� ù	8=üpý:�gl �X����� � �®Q $'�0+ BWA ��U (31)

where the parameters � � for �¼���	��

�
�
�!
���� were the Lagrange multipliers in the Lagrangian Equa-

tion (31). Considering the specific form of the function ù	8=üpýpþKÿ ì and the constraint set of (30), we

obtained the optimal solution by decomposing the system of ��� equations and ��� unknowns from

� ùÊ8=üpý,þZÿ ì Q $ ß Uá�s� and the constraints (30) into � pairs of independent equations. Equation (32)

shows the simplified formulation applied to the set of �����	��

�
�
�!
���� independent problems.

CoÕ!Öú ² ùÊ8=üpý:� � CFÕ!Öú ² X;RÒ'b ² Qµ�*l��3U ª ;R$��$ &� l�� ª ;R$'�®l ª &; (32)

Subject To: $'� ) BWA �
Relating the error control aspect of LMMC as described in the previous sections with its rate allocation

and partitioning aspect as described in [36] is now straight forward. We relate the two aspects by applying

the results of error control problem in adjusting the constraints of rate allocation and partitioning problem

in each iteration of the rate allocation and partitioning iterative algorithm. More precisely, let us assume

that solving the error control problem of the sample group  �� with the block size
� � yields to calculations

of the redundancy rates Æ ¾ with ½����	��

�
�
�!
�Å���� . We first define Coefficient of Redundancy for group  ��
as Ì © 82� � � �� �.l�Æ	É ² (33)

Multiplying the constraint BWA � by CoR � , we can consider the impact of LMMC error control aspect

in solving LMMC rate allocation and partitioning problem. In essence, our proposed technique divides

the available bandwidth BWA � between the data and redundancy components with weighting functions
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of CoR � and ( �,+ CoR � ) respectively. It is obvious that the proposed change only impacts the numerical

value of the constraint BWA � in each iteration of the rate allocation and partitioning algorithm without

changing the optimal control problem (32).

Consequently, the integration process of rate allocation and partitioning aspect of LMMC with its er-

ror control aspect expands the formulation of two-phase optimal control rate allocation and partitioning

problem into a three-phase problem. While the first two phases deal with the rate allocation and parti-

tioning problems for individual layers of the media session, the third phase copes with the end-to-end

error control problem. Considering the fact that the solution to LMMC three-phase optimal problem is

sub-optimal due to the impact of its phasing approach, we expand the scope of LMMC to an iterative

approach that is capable of reaching a near-optimal solution. We argue that a near-optimal solution can

be reached by iteratively calculating the overall bandwidth available to layers redundancy as obtained in

the third phase and applying the resulting coefficient of redundancy CoR � to the constraint BWA � . In

what follows we propose the integrated iterative LMMC algorithm to simultaneously solve rate alloca-

tion, receiver partitioning, and error control problems.

LMMC Iterative RAP-EC 3 Algorithm:¦ Step 1: Given the redundancy requirements of the receivers, start from an initial ordered partitioning

of the receivers by uniformly distributing receivers among the existing groups. In addition, set the

initial iteration number ½��j� and the maximum number of iterations ½'íeî�ï .¦ Step 2: For each group  p� with � � �	��

�
�
�(
���� obtain the adjusted Constraint (30) resulting

from multiplying BWA � by the coefficient of redundancy CoR � . Calculate CoR �M� f ²f ² ��� ² with×��2�jCoÕ!Ö�;!Pv; and PK; indicating the redundancy requirement of receiver 7 for IK7L�M �� .¦ Step 3: Calculate the optimal group rates $ ß � �
$ ß� 

�
�
�5
%$ ß� � and the resulting session utility
�
Rate Allocation-Partitioning-Error Control



24ùÊ8=üpý þZÿ ì by numerically solving the set of optimal control problems of Equation (32). Save the

previously calculated ù	8=ü6ý0þZÿ ì in variable � � and the currently calculated ùÊ8=üpý:þZÿ ì in variable �Z& .¦ Step 4: If ñ ï ¶ / ï è ñï ¶ ¹wó or ½tôh½
ígî�ï STOP.¦ Step 5: §^©!ª Qµ�o�D� ¬ © �#U��
– Calculate the partitioning threshold � $�� / �%$�� .
– Repartition groups ��+x� and � . For every receiver belonging to groups ��+x� or � and isolated

rate ª ; , assign the receiver to group � if ª ;�ô � $�� / �%$'� and one of the following conditionsª ;�.+ 	 ; ­ $ ß�
Ìg&�$ ß� ¹ ���� / � � ¹q$ ß�

holds. Otherwise, assign the receiver to group  «� / � .
– Calculate redundancy rates and redundancy partitioning of group  �� according to LMMC Error

Control Algorithm of Section III.

– Calculate coefficient of redundancy CoR � for group  =� from Equation (33) and obtain the

adjusted Constraint (30) resulting from multiplying BWA � by CoR � .
– Calculate the new optimal sending rate of group  �� according to the new partitioning.

� /* §^©!ª Qµ�o�D� ¬ © �#U */¦ Step 6: Go back to Step 3.

Theorem 4.1: Convergence of “LMMC Iterative RAP-EC Algorithm” given in this section is guaranteed.

The formal proof is identical to the proof of Theorem (5.1) given in [36] considering the fact that the

impact of adjusting the constraint BWA � in each iteration does not impact the bounded non-decreasing

sequence of utility function values at each step of the algorithm guaranteeing convergence to a fixed point.
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Again, our algorithm is employing steepest descent optimal control strategy In practice, the use of the

iterative method is a factor of time complexity and the speed of convergence. The iterative method can

be effectively deployed in environments with relatively stable assignment of the bandwidth such as the

scenarios encountered in admission control problems. In environments with rapidly varying available

bandwidth such as the scenarios encountered in congestion control problems, the sub-optimal solution

with few or one iteration may be deployed. Considering the lower time complexity of the error control

problem, the time complexity of LMMC RAP-EC algorithm is £�Q¤ùÊ�¿�������g��U the same as LMMC RAP

algorithm reported in [36].

A discussion of practicality is in order here. In many cases, different solutions aiming at solving

different pieces of a high level problem cannot be integrated together because of conflicting underlying

assumptions. Consequently, successful integration of research results plays a crucial role in their real-

world acceptance. We argue that LMMC has achieved an accepted level of practicality by proposing

a method of jointly solving two different sub-problems of error control and rate allocation within the

context of the high level problem of layered media multicast. We also argue that the only requirement for

simultaneously solving the error control and the rate allocation problems within the context of LMMC

protocol is to solve the two problems simultaneously together.

V. LMMC ERROR CONTROL PROTOCOL

This section focuses on describing LMMC error control protocol relying on the analytical study of

the previous sections. Generally speaking, LMMC error control protocol relies on the source of a media

system to solve the error control problem based on the information collected from the receivers of a

media system. The information includes the number of available rounds and the redundancy requirement

of individual receivers. The source repeats the calculations pertaining to the solution of the combined

problem as the result of a significant potential change in the system. A significant potential change in the



26

system can be flagged based on one of the following two events. First, when the source polling period

timer goes off and second, when a significant change is reported by a designated receiver in the middle of

a polling period. The latter may have been caused for example by occurrence of congestion in a segment

of the network impacting the receivers of a specific zone. LMMC relies on designated per zone receivers

to collect such information and notify the source about the existence of such conditions. At the beginning

of every new polling period caused by expiration of the source timer or a significant redundancy change

of a group of receivers in a local zone, the source probes the receivers for the number of available rounds

as well as their redundancy requirement. Individual receivers then rely on the methods of Section II

to calculate the number of rounds as well as their redundancy requirement. The source then proceeds

with collecting and calculating the bandwidth assignment of data and redundancy traffic following the

algorithm of Section III.B.

The source discovers the available number of rounds for each group by polling the group of receivers

through multicasting pilot packets. The receivers then set their own timers with a random value reporting

back the result after having an expired timer only if not having seen a value less than or equal to the

calculated number of rounds from Equation (2). The number of available rounds
B � for group  =� is

eventually announced to the group utilizing Equation (3). The source relies on a hierarchical tree-based

feedback aggregation protocol similar to RMTP proposed in [19] to poll the receivers for their required

redundancy. It first sends a message to data group  �� specifying the block size
� � for the group and

continues by multicasting individual polling packets for the number of redundant packets 7 associated

with the natural numbers in the range � ��
 � �(� . As the default rule of practice and considering the fact

that the source requires an apriori estimate of the receivers’ redundancy over the total number of rounds,

receivers rely on the SM method of section II to estimate their redundancy requirement and report it back

to the source. In this section, it makes sense to review the issues involved with the implementation of

the SM method described in Section II. Noting that per round redundancy requirement of every receiver
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changes over a polling period according to Equation (12), the source needs to discover the number of

available rounds
B � and the sequence of per round redundancy of the receivers �5P �; 

�
�
�(
TP ± ²; � for each

data group  p� . Having collected the information, the source needs to calculate per round distribution of

redundancy groups and rates for every individual round of the polling period separately.

The source then continues by announcing data and redundancy rates of individual multicast groups.

Each receiver then has the opportunity of subscribing to the appropriate number of multicast data groups

as well as multicast redundancy groups satisfying its redundancy requirement. We note that although

LMMC error control protocol allows the receivers to drop any number of layers that they are already

subscribed to at any time, it only allows the receivers to subscribe to extra redundancy groups at the

beginning of a polling period and after the new redundancy rates have been announced. This is necessary

to control the overhead of multicast groups joins and leaves considering real-time constraints of media

systems.

During a polling period, the source sends the data packets of a block for individual groups  o� with�j���	��

�
�
�!
���� followed by the first round of redundant packets. At the end of each round, the first

receiver not capable of recovering the data block with size
� � multicasts a NAK message to the group

notifying the source about the need for initiating the next round. A receiver only sends a NAK message

if it has neither been able to recover the block nor seen another NAK message with a sequence number

matching the current round. The proposed mechanism effectively eliminates the NAK traffic as the overall

number of transmitted NAKs is in the order of number of rounds
B � . Going from one round to another,

the source only initiates another round if it has received a NAK request from one of the receivers of the

group within a certain number of time units from the end of current round.

We also argue that as an alternative to the polling mechanism and only for moderate size group of

receivers in which the overhead of dynamically calculating the number of redundant packets is acceptable,

the source can rely on DM method of Section II to dynamically adjust the data and redundancy rates
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without relying on an apriori estimate of overall redundancy. In this scenario, each receiver calculates

the number of required packets only going to the last round and reports the result to the source. Having

started from an initial proactivity factor, the source then solves the combined problem of rate allocation

and partitioning after collecting the redundancy information of the receivers going to the last round of

transmitting a block.

Before we conclude this section, it is in order to provide a discussion of LMMC error control protocol

practicality for real-time media systems. Perhaps the most important concern pertains to explaining why

the latency of joining and/or leaving multicast trees does not make the protocol overhead prohibitive. We

argue that LMMC error control protocol is custom tailored for media systems according to the following

reasons. First, we note that having a reduced loss rate resulting in dropping redundant groups is not a

problem as the receiver is not concerned with the delay of multicast tree topology changes in this case.

This is of special importance in case of the SM approach of Section II in which a receiver needs a lower

number of redundant packets going from one round to another. Second, calculation of the bandwidth

for individual redundant groups is done considering redundancy requirements of individual receivers

at the beginning. Third, the built-in polling mechanism of LMMC counts for adjusting the number of

redundant packets according to the current loss condition of individual receivers so that the receivers

do not have to subscribe to extra redundancy groups often. Considering the above factors, we do not

anticipate having frequent changes in multicast tree memberships and LMMC error control protocol can

be hence effectively deployed in real-time media systems.

VI. NUMERICAL PERFORMANCE ANALYSIS

In this section, we present the numerical results of applying LMMC error control algorithm to a number

of layered media scenarios. First, we compare LMMC results with the results of optimal LMR (OLMR)

utilizing dynamic programming and heuristic LMR (HLMR) algorithms of [25]. In our comparisons, we
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review the performance of the approaches from the stand point of tracking the minimum value of the

bandwidth wastage, time complexity indicated by experiment runtime, and space complexity indicated

by memory allocation. Additionally, we review the scalability of the techniques by covering a relatively

broad range of multicast group sizes ranging from hundreds to thousands of receivers. We remind that

per group time complexity of LMMC error control algorithm is £�Q¤ù � �'U and that of OLMR algorithm is£�Q¤Å�� � &� U . In addition, per round space complexity of the LMMC error control algorithm in our imple-

mentation is £�Q � ��U where as the space complexity of OLMR is £�Q � &� U assuming block size
� � indicates

an upper bound on the maximum required redundancy. In our simulations, we ran in excess of ���V
��'�'�
experiments with different number of groups � , different group sizes ��� with �Ç� �	��

�
�
�(
���� , and

different receiver redundancy requirements.

Figures 2 through 7 compare the sample results of LMMC algorithm with those of OLMR and HLMR

algorithms for some individual data groups. In each experiment, we have relied on a normal random num-

ber generator simulating receiver loss rates within the range of � ����
������«� consistent with real network

traces reported in [25]. Different figures have been obtained for different choices of different parameters

of interest. Different parameters of interest include block size indicated by
�

and the number of redun-

dancy groups associated with the individual data group Å . In our simulations
�

is set at 64, 128, and 256

packets; Å is set at 2 and 3. The x-axis of each curve is always in logarithmic scale indicating different

values of the group size from the set �	�
�'�V
����'�V
5�
�'�'�V
��'�'���V
5�(�'���'�3
��'�'�'���V
��
���'���'�V� . Each figure consists

of two pairs of curves. The first set of curves compare the bandwidth wastage or redundancy cost of

the three techniques. While LMMC and OLMR keep a close bandwidth wastage across the board, we

observe that for group sizes of �
�'�'� or more the bandwidth wastage of HLMR departs from the other

two. Considering the results, we note that HLMR can be effectively used only if the distribution of the

redundancy is not highly skewed and the group size is not very large. Additionally for about ���V
��'�'�
experiments made by us, we observed a maximum ��� cost advantage of OLMR over LMMC. Consider-
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Fig. 2. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =2

and block size of !��#"%$ .

ing the fact that a dynamic programming approach identifies a global optimum where as a gradient-based

approach identifies a local optimum, our experiments indicate impressive convergent behavior of LMMC.

The second pair of curves display the runtime of the experiments as an indicator of the time complexity

of the three techniques. To our expectation, the complexity of HLMR for a small size group is the lowest

among the three considering its negligible overhead of computation. In this area, a review of the results

reveals closeness of LMMC results to those of HLMR. The review also reveals great performance advan-

tage of LMMC over OLMR consistent with the time complexity analysis reporting a linear dependency

and a quadratic dependency on the value of
�

in the runtime of LMMC and OLMR respectively.

Next, we provide sample simulation results of implementing integrated LMMC rate allocation, parti-

tioning, and error control schemes. In our simulations of integrated media systems, we rely on general-

izations of normal distribution namely bi- and tri-modal distributions to generate receiver isolated rates.

We select the means of distributions from the set of �&�('�����]Zâ	
5�5à»��]Zâ	
5�
�'��àÇ�Ñ]^â'� to properly represent

dialup, Cable/DSL, and high-speed LAN users. For each distribution, we also set the standard deviation

of the distribution at 20% of the mean value. Considering the location of the means, the choice of standard
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Fig. 3. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =2

and block size of !��#"%$ .

deviations yields successive distributions remain disjoint with a certainty better than 99.7%. Tables I and

II show rate allocation, partitioning, and redundancy calculation results of applying LMMC algorithm to

couple scenarios of combined media systems.

In the rest of this section, we discuss some of the practical findings of our experimentations pertaining

to the comparison and combination of LMMC error control technique applied as a reliable multicast

technique 4 with FEC-based and ARQ-based techniques. In our experiments, we looked at the impact

of utilizing LMMC in conjunction with ARQ-based SRM recovery [10], as well as hierarchical scoping

techniques such as scoped SRM [29], and SHARQFEC [13]. The following summarizes our findings.¦ First, we have observed that utilizing LMMC error control relying on proactive FEC-based recovery

greatly reduces the overall amount of redundant traffic compare to reactive ARQ-based recovery

utilized in single-scoped SRM.¦ Second, we have seen that utilizing layered recovery in a hybrid technique resulting from the com-
)
We have investigated such a scenario by relaxing real-time constraints and calculating receiver redundancies based on the

probability of recovery.
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Data Group Receiver IDs Data Range Optimal Rate �� �	��ÂaÂ ���V�!� � �V�'��ÂaÂ*��+'��� ��,'��Â*+'�
Redundancy R. Group R. Range Optimal R.8k�'� � ��ÂaÂ*,�� ,8k�5� � ��ÂaÂH�-+�� �-+8k�5� � �-.�ÂaÂ/'��!� '��
Parameters BWL BWF CoR���'��Â102, +��'�VÂ �'� �VÂ*.��'�('
Data Group Receiver IDs Data Range Optimal Rate =� �����'��ÂaÂH�
�'�'�'��� � ��+'��ÂaÂH�-��0�0������ +V�-+�Â*,�+
Redundancy R. Group R. Range Optimal R.8p�V� � ��ÂaÂ*,�� ,8p�'� � ��ÂaÂH�-.�� �-.8p�'� � ���VÂaÂ/'�'�� '�'

Parameters BWL BWF CoR

+�,'��Â102, .�,��'�'�VÂ �'� �VÂ*.�,�+�+
TABLE I

INTEGRATED RATE ALLOCATION PARTITIONING (RAP) AND ERROR CONTROL (EC) LMMC RESULTS WITH A RUNTIME

OF 3546463%7�8:9<; . RAP PARAMETERS ARE =g�¿y6> ?5@6354 , RECEIVER LOSS TOLERANCE 35A6B , Cn�D3 , E è �DA-> F54 . UNIFORM EC

PARAMETERS ARE  ² �D@ AND ! ² ��yGAH3:$ .
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Data Group Receiver IDs Data Range Optimal Rate �� �	��ÂaÂ*,��3�H'V� � ��,�ÂaÂ/'	�'��� ��0ÊÂH�-�
Redundancy R. Group R. Range Optimal R.8k�'� � ��ÂaÂ ��0(� ��08k�5� � ��+�ÂaÂ10�0(� 0�0

Parameters BWL BWF CoR�V��Â ��, ,��VÂ �'� �VÂ*+���.'��0
Data Group Receiver IDs Data Range Optimal Rate =� �&,��3�-,�ÂaÂ*���('	�Ê� � '	��+�ÂaÂ*+V�5��� '���,�Â*+�,
Redundancy R. Group R. Range Optimal R.8p�V� � ��ÂaÂ ��+�� ��+8p�'� � ��.�ÂaÂ102��� 02�

Parameters BWL BWF CoR

,'��,�Â �'� +�,��VÂ �'� �VÂ*+�0!��02,
Data Group Receiver IDs Data Range Optimal Rate =� �&���('	��ÂaÂ ���'�'�'��� � +V�H'3ÂaÂH�-��02�'�('�� +�0�0ÊÂ �2'
Redundancy R. Group R. Range Optimal R.8p�V� � ��ÂaÂ ��+�� ��+8p�'� � ��.�ÂaÂ*+'��� +'�
Parameters BWL BWF CoR�
�3��0ÊÂ*,�� .��'�'�'�VÂ �'� �VÂ*+��V�-.�,

TABLE II

INTEGRATED RATE ALLOCATION PARTITIONING (RAP) AND ERROR CONTROL (EC) LMMC RESULTS WITH A RUNTIME

OF F6F5I6F%7�8:9<; . RAP PARAMETERS ARE =g�¿y6> ?5@6354 , RECEIVER LOSS TOLERANCE 35A6B , Cn�#@ , E è �DA-> F54 . UNIFORM EC

PARAMETERS ARE  ² �D3 AND ! ² �D?5y:3 .
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Fig. 4. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =3

and block size of !��¿y<35I .
bination of LMMC with SRM significantly reduces the overall amount of redundant traffic. In our

experiments we have also observed that increasing the number of recovery layers has led to lower

amount of redundant traffic at the expense of higher protocol overhead. Despite the fact that we did

not see the threshold point in our experiments with up to 5 groups, we expect that increasing the

number of redundant groups beyond a certain point is not justified considering the extra amount of

overhead.¦ Third, we have been able to achieve great repair locality by combining LMMC layering technique

with a hierarchical technique such as scoped SRM or SHARQFEC.

We note that most of our findings are consistent with the results reported in [25]. Finally, we need

to discuss the impact of increasing the number of layers in solving the global problem of layered or

replicated media systems. Considering the layering architecture of LMMC, we argue that utilizing a

relatively large number of redundant multicast groups associated with each individual data group may

be overhead prohibitive from the stand point of joining and leaving multicast groups and as discussed

in Section V. As a cautionary step, our implementation of LMMC error control relies on utilizing up to
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Fig. 5. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =3

and block size of !��¿y<35I .
three redundant groups associated with each individual data group. We also note that utilizing a limited

number of redundant groups reduces the effectiveness of HLMR approach compare to OLMR approach

and LMMC approach.

VII. CONCLUSION

In this paper, we studied Layered Media Multicast Control (LMMC) solution to a formulation of the

optimal error control problem for layered and replicated media systems over multicast IP networks. We

assumed the existence of congestion and flow control mechanisms specifying a fair bandwidth available to

a media session. We aimed at providing an analytical solution to a formulation of the problem minimizing

the bandwidth wastage of individual multicast groups while effectively eliminating the impact of feedback

implosion and providing a statistical guarantee for the quality of service of each receiver. We also related

the error control aspect of LMMC to its rate allocation and partitioning aspects as parts of an integrated

solution for media multicast systems. Considering the scalability of LMMC error control approach, we

showed that the approach could be effectively adopted in different size point-to-multipoint groups as well
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Fig. 6. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =4

and block size of !��D35?5" .

as different speeds of load change in the network. Finally, we evaluated the performance of LMMC

solution and illustrated its applicability in realistic network topologies through the use of simulations.

At the end, we would like to revisit our brief review of [36] about the issues involved in the distribution

of media systems over multicast networks. In that article, we mentioned that the main issues involved

with media multicast systems are rate allocation, receiver partitioning, error control, flow control (inter-

session fairness), congestion control, and accommodation of hybrid wired and wireless networks. In

addition, practical considerations such as scalability and feedback implosion have always played a key

role in applicability of any media distribution algorithm. Envisioning LMMC as a complete framework

for media systems, we are currently working on the flow and congestion control aspects of LMMC. Our

objective is to integrate the existing aspects of LMMC rate allocation, receiver partitioning, and error

control techniques with their counter parts addressing inter-session fairness and congestion control issues

for media systems. In addition, we are working on fine tuning LMMC in order to be able to accommodate

hybrid wired and wireless media systems.
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Fig. 7. Redundancy cost and runtime comparison of LMMC, OLMR, and HLMR methods vs number of receivers (N) for  =4

and block size of !��D35?5" .

APPENDIX I

PROOF OF THEOREM 3.1

Let us make note of the fact that the cost function of Equation (15) consists of a finite number of func-

tions, one for each receiver. These functions are all positive, with a minimum value of zero. Consequently,

the positive cost function of Equation (15) has a lower bound. Next, we observe that the cost function

of Equation (15) can only decrease in each step considering the operating mechanism of the individual

phases of LMMC error control algorithm. Therefore, the sequence of cost function values at each step

of the algorithm is a non-increasing sequence with a lower bound. We also note that any non-increasing

sequence with a lower bound would converge to a finite number also known as a fixed point. In case of

our optimization problem, converging to a fixed point is equivalent to satisfying necessary condition for

optimality defined below.

For a data group  p� of a media session with ��� receivers, Å%� redundancy groups, partitioning È0�t��(8 �!" �
�
� " 8:É ² � and redundancy group rate set Ær� �5Æ � 

�
�
�5
TÆ	É ² � , the necessary condition for optimality

is defined over partitioning È ß and redundancy rate set Æ ß in two steps considering the impact of LMMC
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iterative error control approach. First, for a fixed partitioning ÈKJ ; ï-L�M� and the redundancy group rate setÆ ß such that Ë�Ì6ø���QµÈ J ; ï-LNM� 
TÆ ß U ) Ë�Ì6ø���QµÈ J ; ï-LNM� 
TÆVU (34)

for every ÆPO�nÆ ß . Second, for a fixed redundancy group rate set Æ J ; ï-L�M and the partitioning È ß� such that

Ë�Ì«ø��ÊQµÈ,ß� 
TÆ J ; ï-LNM U ) Ë�Ì6ø��VQµÈ.�	
TÆ J ; ï-LNM U (35)

for every È,�QO�DÈ ß� .
Since, the two-step necessary condition for optimality holds in each individual step of LMMC error

control algorithm, we conclude that LMMC iterative algorithm converges to a local minimum. QED
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