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Abstract—Overlay multicast is becoming increasingly popular for 
multimedia delivery over Internet. The available bandwidths 
between sender and different receivers are generally 
heterogeneous. In this paper, we propose a scheme to improve the 
throughput of a media delivery session with heterogeneous 
receivers by organizing the receivers into layered data 
distribution meshes and sending substreams to each mesh using 
layered coding. Our solution utilizes alternative paths and 
network coding in each mesh. We first formulate the problem 
into a mathematical programming, whose optimal solution 
requires global information. We therefore present a distributed 
heuristic algorithm. The heuristic progressively organizes the 
receivers into layered meshes. Each receiver can subscribe to a 
proper number of meshes to maximize its throughput by fully 
utilizing its available bandwidth. The benefits of organizing the 
topology into layered mesh and using network coding are 
demonstrated through extensive simulations. Numerical results 
indicate that the average throughput of a media delivery session 
is significantly improved. 

Keywords- Overlay multicast;network coding;heterogeneity 

I. INTRODUCTION  
Multimedia applications have contributed to a large amount 

of today’s Internet traffic. Due to the limited deployment of IP 
multicast, overlay multicast [1-4] has emerged as a promising 
architecture for multimedia delivery recently.  

The challenge to improve multicast throughput lies in the 
observation that the available bandwidth between end hosts are 
heterogeneous. A measurement study in a peer-to-peer overlay 
network [13] reveals that the bottleneck bandwidth between 
end-systems exhibits extreme heterogeneity. To handle 
heterogeneity, layered multicast is proposed in IP multicast 
[10] and overlay multicast [11], respectively. The basic idea is 
to encode source data into several layers. Thus a receiver can 
subscribe to a proper number of layers to maximize the 
throughput.  

A significant amount of research efforts have been directed 
toward overlay multicast throughput improvement. Many of 
the existing works have advocated building single or multiple 
multicast trees rooted at sender to disseminate data. Narada [1], 
for example, is a typical single-tree scheme. Recent Internet 
measurement [14] showed the redundant IP routes between 
hosts are quite common. Study in overlay networks [15] also 
demonstrated that a better path other than the default one may 
exist. The throughput attained by a single multicast tree is 

therefore suboptimal and can be improved. Multiple-tree 
schemes aim to improve throughput by building multiple trees 
among overlay nodes to utilize the residual bandwidth, 
examples include CoopNet [2], SplitStream [3] and oEvolve 
[4].  

The schemes mentioned above assume that all the nodes in 
overlay network only replicate and forward data. Recent 
advances in network coding [5] showed that with the presence 
of relay nodes, the multicast throughput can be further 
improved by allowing coding operation at intermediate nodes 
in the network. Notably, Zhu et al. [8] apply network coding to 
overlay network to improve throughput. By constructing a 2-
redundant multicast graph, each receiver has two disjoint paths 
from the sender. The scheme needs to synchronize the rate of 
each receiver’s two paths to be exactly the same. In addition, 
they do not address the heterogeneity issue. Chou et al. 
proposed a practical network coding scheme [9]. In their work, 
each node randomly codes the incoming packets and floods 
them to all the neighbors. They also utilize the Priority 
Encoding Transmission (PET) technique to provide loss 
protection at the expense of introducing redundancy. Wang et 
al. [23] also employ network coding in overlay multicast to 
achieve high throughput. The scheme first identifies the 
achievable rate between each sender-receiver pair and then set 
the multicast flow rate to match the smallest rate. Therefore the 
session’s throughput is still limited by the worst receiver. 
Sundaram et al. [22] proposed HERE, a layered network 
coding scheme, to deal with heterogeneity. HERE uses a 
centralized approach to compute the optimal routing strategy. 
Meanwhile, it involves assigning coding vector at each node. 
Therefore, such overheads might limit the scalability. More 
recently, Avalanche [24] is proposed to apply network coding 
to P2P network for large-scale content distribution. However, 
the main focus of this scheme is to solve the problem of peer 
reconciliation using network coding. 

In this paper, we focus on another fundamental problem: 
how to improve the throughput of a multicast session with 
heterogeneous receivers. We propose LION, a layered overlay 
multicast framework with network coding to address end 
system’s heterogeneity. As in layered IP multicast, we assume 
the sender can provide layered data at different rates. We seek 
to improve the multicast session throughput by organizing the 
heterogeneous receivers into layered meshes and using network 
coding in each mesh. We first formulate the problem using 
mathematical programming. As obtaining an optimal solution 
requires global information, we also propose a distributed 
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heuristic to approximate the optimal solution. Unlike earlier 
works which build single or multiple data distribution trees, 
LION fully leverages multi-path property in networks and 
builds multiple data distribution meshes. A receiver subscribes 
to a proper number of meshes to maximally utilize its available 
bandwidth. A source data within a given layer is sent to a 
corresponding mesh. In each mesh, a receiver has multiple 
paths to receive the source data. This uniqueness in data 
distribution mesh distinguishes LION from existing works in 
layered multicast. The challenge in constructing layered mesh 
lies in how to construct lower meshes to maximally utilize the 
advantage of network coding and to leave more residual 
bandwidth for higher meshes. Existing mesh construction 
methods can not be directly applied to the layered overlay 
multicast to achieve the above goal. In this paper we propose a 
path-overlapping method that takes advantages of network 
coding to address the problem. Simulation results show that the 
proposed heuristic of layered overlay multicast handles 
heterogeneity very well and improves multicast session’s 
throughput.  

The rest of this paper is organized as follows. Section II 
gives some motivation for layered multicast with network 
coding. Section III formulates a mathematical programming 
problem. In section IV, a distributed heuristic approach is 
proposed. In section V, we evaluate the performance of our 
heuristic through simulations and show that our heuristic is 
quite encouraging. We conclude this paper in section VI. 

 

 
Fig. 1.  An example of adding layers to multicast session. 

II. BACKGROUND AND MOTIVATION 
The maximal achievable throughput of a multicast session 

has been considered as a fundamental problem for many years 
in graph theory. Menger [16] proved that the maximal unicast 
capacity from a sender to a receiver equals the minimum cut 
capacity, or min-cut, separating the sender from the receiver. A 
cut of a graph is a set of edges such that removing the set will 
result in network partition. The capacity of a cut is the sum of 
edge capacities in the cut. Ford and Fulkerson [17] developed 
an efficient algorithm to find the min-cut. When all nodes in 
the network are receivers, Edmonds [18] proved that the 
maximal broadcast capacity is the minimal min-cut among all 
receivers. However, when there exists Steiner nodes, which are 
not multicast receivers and only act as data relay, finding the 
maximal multicast capacity is NP-hard [19]. In their seminal 

work, Ahlswede et al. [5] proved that by means of network 
coding, the minimal min-cut of a multicast session is also 
achievable even if there are Steiner nodes. Ideally, a sender can 
multicast to all receivers at the rate of minimal min-cut of the 
receivers. Li et al. [6] and Koetter et al. [7] further proved that 
linear network coding is enough to achieve the capacity. A 
linear programming approach [26] and a decentralized 
approach [25] have been proposed, respectively, to compute 
the routing strategy which can achieve the capacity. Consider 
the network in Fig. 1(b). Node S encodes the data (a1+b1) and 
sends it to R3. Both receiver T2 and T3 can recover a1, b1 
from sender simultaneously. Operation “+” refers to operation 
over Galois Field. 

With network coding the throughput of single-rate 
multicast can achieve minimal min-cut of all receivers. 
However, when the receivers are heterogeneous, single-rate 
multicast is not efficient. In case of multi-rate multicast, 
network coding alone may be not enough. Adding layers to 
receivers with higher min-cut may further improve the 
throughput. In this paper we seek to maximize the throughput 
of a multicast session with heterogeneous receivers. The 
problem can be regarded as multi-rate multicast using network 
coding. 

We use an example in Fig. 1 to illustrate our conjecture. 
Consider the network in Fig 1(a) with S as the sender, T1, T2, 
T3 as receivers and R1, R2, R3 as Steiner nodes, i.e., relays. 
The number on each link is the link’s available bandwidth. 
Suppose we have encoded source data into 3 layers. We further 
encode each layer into small-grained stripes. Each stripe has 
unit bit-rate. Layer 1’s stripes are (a1,b1), layer 2’s stripes are 
(a2,b2) and layer 3’s stripes are (a3,b3). Therefore each layer 
has 2 unit bit rate. T1 has min-cut 2, T2 has min-cut 4, T3 has 
min-cut 6 from S respectively. With single-rate multicast, the 
maximal throughput is 2. T2 and T3’s available bandwidths 
can not be fully utilized. If we properly organize the receivers 
into layers, T2 and T3’s throughput can be further improved.  
Layer 1’s data distribution mesh is illustrated in Fig 1(b). With 
network coding, T1, T2 and T3 all can receive layer 1’s content. 
The residual bandwidth after removing layer 1’s bandwidth is 
shown in Fig 1(c). Both T2 and T3 have residual bandwidth 
and therefore can join layer 2. Only T3 can join layer 3. The 
data distribution meshes of each layer are shown in Fig. 1(b), 
(d), and (f), respectively. Receivers T2 and T3’s throughputs 
are improved by joining additional higher meshes. Here 
whether a receiver can join another higher layer depends on 
how the current layer is constructed. For example, after 
constructing layer 1 (Fig. 1(b)), if layer 2 is constructed as in 
Fig 1(g), then the remaining bandwidth is not enough to 
construct layer 3 as shown in Fig 1(h). 

Therefore, when we construct lower layers, we first need to 
select enough paths for each receiver, meanwhile we shall also 
leave as much residual bandwidth as possible for higher layers. 
An intuition is that we need encourage the paths for different 
receivers to overlap. The overlapped links can serve more 
receivers simultaneously using network coding (Fig. 1(b)). In 
Fig. 1(g) the paths for receiver T2 and T3 overlap only once at 
link S-R3. However, the paths for T2 and T3 overlap twice at 
link S-R3 in Fig. 1(d). 

In the next section, we formulate the problem into a 
mathematical programming based on these observations. 
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III. PROBLEM FORMULATION 

A. Basic Overlay Network Assumption 
In this work, we follow the approach used in [8] to form the 

basic overlay network. We do not focus on how to construct 
the overlay network. Instead, we use existing bootstrapping 
techniques, e.g. Narada, to form a well-constructed basic 
overlay network. Suppose the overlay network is relatively 
densely connected so that we have multiple paths between any 
nodes. We build layered meshes on top of the basic overlay 
network. The links in the basic overlay network have two 
weights (D,B), representing delay and available bandwidth, 
respectively. Each end host periodically probes other non-
neighbors and measures (B,D). If (B,D) satisfy a threshold, the 
link is added. Otherwise, the end hosts drop the link. As in [8], 
we also assume there are dedicated relay nodes in the overlay 
network. Note that the assumption is not a problem in content 
distribution networks since the pool of edge servers can act as 
such cooperative relay nodes. There are also many incentive 
techniques [21] to encourage hosts to act as relay nodes in 
overlay network. For example, some hosts which might not be 
interested in current session’s content, would be available for 
assisting those which are interested in the content provided that 
the relays could gain credit or reputation. However the 
discussion on those incentives is out of the scope of this paper. 
We also enforce a node degree constraint on each relay nodes 
such that links passing a node are limited to restrict the stress 
of the overlay network [8]. 

B. Notations 
Suppose the source data are encoded into L layers 

},...,,{ 21 Llll . Layer i has bit-rate Bi. Layer i can be decoded 
only when layer 1 to layer i-1 are all available.  

We model the network as a directed graph G (V, E) where 
V denotes the set of nodes and E the set of edges. There are 3 
disjoint node sets in V, namely, S, R and T, which denote 
sender, relays and receivers, respectively. |S|=1, |R|=NR, 
|T|=NT, TRSV ∪∪= , },,,{ 21 TNtttT …= . Suppose there are total M 
edges in the network, },,,{ 21 MeeeE …=  |E|=M. The available 
bandwidth of edge em is Cm.  A multicast session is identified 
by a tuple (S, T). Receivers with different available bandwidth 
can receive data from different number of layers. 

We denote each receiver’s layer subscription as matrix Z. 





≤≤≤≤= LkNi
ki

z Tki 1,1,
                            otherwise,0

layer  receivecan receiver,1 . (1) 

Suppose receiver ti has Ni possible paths from the sender, 
denoted by, 

)},(,),2,(),1,({)( iiiii NtPtPtPtPath …= .                            (2) 

As a path consists of consecutive edges, matrix X(ti) is used 
to denote the edges which are included in ti’s paths. 

iT
im

ijm NjMmNi
jtPe

tx ≤≤≤≤≤≤


 ∈

= 1,1,1,
       otherwise,0

),(if,1
)( .  (3) 

Note that X(ti) is a constant matrix which is determined 
once all the paths are specified. We use matrix Y(ti) to denote 
the selected paths for ti in all layers, 





≤≤≤≤≤≤= iT
i

ikj NjLkNi
kjtP

ty 1,1,1,
                              otherwise,0

layerinselectedis),(,1
)(   (4) 

Elements in Y(ti) are variables to be determined. 
We use matrix U to denote the consumed bandwidth on all 

edges in all the layers. An element uk,m of U denotes the 
consumed bandwidth of edge em in layer k. 

MmKku mk ≤≤≤≤≥ 1,1,0,
.    (5) 

Note that U defines the data distribution meshes for all layers. 

C. Multi-layer Formulation 
Our objective is to maximize the multicast session’s 

throughput. In our setup, it is to maximize the total number of 
layers all receivers can join. Each receiver joins layers in an 
incremental order. Before receiver ti joins layer k, it needs to 
join all the lower layers (1 to k-1) first. If ti has additional Bk 
available bandwidth from the sender, it can join layer k. 
Network coding guarantees that all receivers which joined 
layer k can receive bit-rate Bk since each receiver in layer k has 
Bk available bandwidth Bk  from the sender. The data of layer k 
are distributed in a mesh rather than a tree. Here we specify 
that network coding is only allowed among the stripes in the 
same layer. Though it is possible to code the stripes of different 
layers, combining the stripes of different layers makes it 
difficult to recover all original stripes for receivers that only 
receive partial layers. 

When we consider heterogeneous receivers, fairness should 
also be taken into account. There may exist cases where one 
receiver’s throughput is maximized at the cost of other 
receivers’ starvation. We introduce a weight value, wk, on layer 
k, (k=1,..,L) to ensure the available paths are allocated to 
receivers which subscribe to lower layers first. To this end, we 
choose kL

Tk Nw −= )( . Note that other values of wk can be used 
as well. The problem can now be formulated as the following 
mathematical programming. 

∑∑
= =

⋅
TN

i

L

k
kik zw

1 1
maximize                                                    (6) 

subject to: 

1) LkNiBzty Tkki

N

j
ikj

i

..1,..1,)(
1

=∀=∀⋅=∑
=

 

2) 1..1,..1,,1, −=∀=∀≥ + LkNizz Tikik  

3) 
Tmk

N

j
ijkimj NiLkMmutytx

i

..1,..1,..1,))()(( ,
1

,, =∀=∀=∀≤⋅∑
=

 

4) MmCu
L

k
mmk ..1,

1
, =∀≤∑

=

 

Constraints in 1) ensure that receiver ti must assign total Bk 
bandwidth on all its paths for layer k if zk,i=1. Constraints in 2) 
ensure that each receiver subscribes to layers in incremental 
order. Information at layer k+1 is not decodable without 
information from layer 1 to k. Constraints in 3) specify that 
each receiver’s required flow rate on edge em for layer k does 
not exceed uk,m. Constraints in 4) enforce that the available 
bandwidth of an edge can support all the flows for all layers.  

The above integer linear programming (ILP) formulation 
considers all receivers and all layers simultaneously. Therefore 
it can achieve optimal value. However, to get the optimal 
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value, global information on all receivers and all layers are 
required which is not practical for overlay multicast. 

D. Layer Decomposition 
As the above multi-layer formulation is computationally 

intractable for large systems, we decompose the problem into 
multiple one-layer problems. We consider each layer in 
isolation. We construct the mesh for each layer iteratively to 
ensure more receivers join lower layer first. We first solve the 
problem in (6) by letting L=1. Note that constraints in 2) and 4) 
disappear. After the flow of layer 1 is assigned on each edge, 
we update the available bandwidth on all the edges. Edge with 
no available bandwidth will be removed. The paths containing 
these removed edges will be deleted too. We also remove the 
receivers which can not receive layer 1, if any. Then we solve 
the resultant ILP (for L=1) again and obtain a layer 2.  We 
iteratively use the approximation until there are no receivers in 
the residual graph. As a receiver adds layers in incremental 
order, adding higher layer will not cause lower layer’s quality 
decrease, therefore fairness is satisfied and throughput will be 
increased. 

However, there may be multiple solutions to each 
decomposed problem. Among those multiple solutions, we 
choose the one with minimum consumed edge bandwidth, 
which in turn maximizes the available bandwidth in the 
residual graph. As a result,  the selected solution will increase 
the probability of leaving high cut capacity between the sender 
and receivers in the residual graph. The ILP in (6) and the 
decomposed problem need global network information to solve. 
In the remaining of the paper, we describe distributed heuristics 
to obtain the solutions. 

IV. DISTRIBUTED APPROACH 
As stated in the previous section, to obtain optimal 

solutions we need to coordinate all receivers. Therefore we 
propose a heuristic algorithm which can be implemented in a 
distributed manner to approximate the optimal solution. The 
heuristic not only considers each layer in isolation, but also 
considers each receiver in isolation. The receivers join layers in 
incremental order. During the construction of data distribution 
mesh for a layer, each receiver selects paths independently but 
tries to select as many paths as possible such that the 
probability of overlapping with other receiver’s paths is high so 
that network coding can be applied. Suppose a receiver has NMF 
paths with different available bandwidth for layer k. Layer k 
has Kk stripes. Each stripe has bit-rate Bk/Kk. The basic idea of 
our heuristic in constructing data distribution mesh for layer k 
is that it tries to evenly assign the stripes in layer k on all the 
paths which can sustain stripes. Therefore each path can 
approximately carry Kk/NMF stripes. In this way, the probability 
that a receiver’s data paths overlap with other receivers’ paths 
can be increased. 

The construction of data distribution mesh within each 
layer is carried in two steps. We first use flooding to find all 
possible paths for each receiver, and then we select a number 
of paths which carry all the stripes in this layer to construct 
data distribution mesh. Each receiver then sends a request back 
to sender to reserve the selected paths and assign the amount of 
stripes along each path. 

By iteratively repeating the above approach, we can 
construct layered meshes on top of the basic overlay network. 

A. Finding Path 
Before constructing layered meshes, each receiver needs to 

exploit multiple paths from the sender. Those multiple paths 
are potentially suited for network coding. Finding edge-disjoint 
paths for each sender-receiver pair and selecting edge-overlap 
paths among different receivers can increase the possibility for 
network coding and leave more available bandwidth for next 
higher layer. We use a greedy method to find disjoint paths for 
each receiver. The sender floods a Finding Path packet, or FP, 
to all its neighbors. When a relay node R1 receives a FP packet 
from relay node R2, it first checks if its ID is already included 
in the packet. If so, node R1 drops the packet to avoid loop. 
Otherwise, it appends its node ID and the last hop link weight 
(D,B) to the FP packet and sends the revised FP packet to all 
other neighbors excluding R2. A node may receive multiple FP 
packets from different incoming links. The FP packets are 
terminated at receiver nodes. Each FP packet represents a path 
from the sender to the receiver. A receiver just checks the FP 
packets and records them as available paths. 

Some optimization can be enforced to further reduce 
flooding traffic. We can define a delay and bandwidth 
threshold. If an FP packet exceeds the delay threshold, it will 
be discarded. If a link’s available bandwidth does not meet the 
minimal requirement, the path will also be excluded. 

B. Constructing Mesh 
Each receiver needs select enough paths to join a layer and 

tries to have overlapping paths with other receivers. We use a 
heuristic that each receiver selects the maximal number of 
disjoint paths from the available paths. By temporarily setting 
each link to the same bandwidth, finding maximal number of 
disjoint paths is equivalent to finding maximal capacity in the 
available paths. Therefore, each receiver can use the Ford-
Fulkerson algorithm [17] to obtain the maximal number of 
disjoint paths. We denote the obtained paths set as maxflow 
paths. Suppose there are NMF disjoint paths in maxflow paths. 
Path j has available bandwidth Cj. Therefore path j can carry 
NMj=Cj/(Bk/Kk) stripes for layer k. NMj is rounded down to the 
nearest integer. Only the receivers whose maxflow paths can 
afford all stripes in layer k can join layer k.  

When constructing mesh for layer k, each node selects 
paths from maxflow paths in a distributed manner using the 
heuristic: evenly assigning the stripes in layer k on all paths in 
maxflow paths. This is to distribute the stripes as wide as 
possible to maximize the possibility of path overlapping. If the 
number of maxflow paths is larger than the stripe amount in 
layer k, each receiver chooses paths with smaller delay. 
Otherwise, choose all paths. Suppose the assigned number of 
stripes on path j is SNj. The pseudo-code of stripe assignment 
in a layer is summarized in Table I.  

After a receiver determines how many stripes a path carries, 
it sends a reservation packet along the path back to the sender. 
Suppose receiver n (1≤n≤NT) is assigned Nnm stripes on link em 
(1≤m≤M). Each relay node aggregates the reservations from its 
downstream link em to calculate the required amount of stripes 
Nm=max{Nnm} (1≤n≤NT) on link em. The reservations terminate 
at the sender. The sender also calculates the required amount of 
stripes on its downstream links. The reserved links form the 
data distribution mesh in this layer. 

Iteratively, each receiver will update the available 
bandwidth of the paths and repeat the reservation procedure to 
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get next layer. The procedure repeats till there are no receivers 
who can join a new layer. 

TABLE I.  STRIPE ASSIGNMENT IN A LAYER 

 

C. Network Coding 
After each layer’s mesh is constructed, we use random 

linear network coding [9] in the layer. The relays as well as the 
sender combine the available stripes with random linear 
operation over a large Galois Field and send the coded stripes 
to downstream links at the reserved rate. Each receiver then can 
decode the stripes if it received enough coded stripes.  

For example, suppose layer 1’s mesh is constructed as Fig. 
1(b).  Sender S first randomly codes the two original stripes a1 
and b1 for each downstream link. Suppose S sends one coded 
stripe (x1·a1+y1·b1) to R1, (x2·a1+y2·b1) to R2 and (x3·a1+y3·b1) 
to R3. Note that coefficients xi, yi are elements in Galois Field. 
Thus receiver T1 will get two coded stripes (x1·a1+y1·b1) and 
(x2·a1+y2·b1). Similar with the decoding of Reed-Solomon code, 
T1 can recover a1, b1 by using linear operations to eliminate the 
coefficients over the Galois Field. The decoding operations for 
receiver T2 and T3 are similar. 

To ensure easy operation, we assume that network coding is 
only performed within each layer. Combining stripes using 
network coding among different layers make it difficult to 
decode for receivers with low available bandwidth.  

V. SIMULATIONS 
We evaluate the performance of the proposed heuristic 

through extensive simulations. The simulations were conducted 
in a simulator written in C++. The underlying networks were 
generated using the transit-stub model of GT-ITM [12]. The 
topologies consist of 800 routers. We create end hosts and 
randomly connect them to the routers chosen from the stub 
domain. The link bandwidth between transit domain routers is 
randomly set at 5-10Mbps. The link bandwidth between stub 
domain routers is set at 10Mbps. We set each receiver’s last 
hop link bandwidth randomly from 500Kbps to 5Mbps. The 
delay of link is randomly set at 5-20ms. Without loss of 

generality, we do not model the queuing delay. The number of 
receivers ranges from 10 to 250. Suppose we have dedicated 
relay nodes in the overlay network. We set the ratio of relay 
size to receiver size to be 1.2.  

We compare LION with Narada [1] and Coded Multicast 
[8] using the following metrics. 

1) Throughput. We measure the application layer 
throughput at each receiver. The multicast session’s 
throughput is averaged over all receivers. 

2) Normalized Resource Usage Ratio (NRUR). Resource 
usage ratio (RUR) is defined as ∑∑ ==

TN

j j
M

i i pb
11

/ , where bi is the 

consumed bandwidth on IP link i which is involved in the 
session and pj is receiver j’s throughput. RUR reflects the 
network resource’s efficiency that is, how much network 
resource is consumed to achieve a unit throughput. 
Normalized RUR is defined as the ratio of each scheme’s 
RUR over DVMRP[20]’s RUR. NRUR reflects overlay 
multicast’s resource consumption penalty compared with 
traditional IP multicast. 

To ensure fair comparison, Narada, Coded Multicast and 
LION have the same physical network and participating end 
hosts. Each curve in this paper is an average over 50 simulation 
runs. 

Fig 2. plots the average throughput of a multicast session 
for Narada, Coded Multicast and LION as a function of the 
receiver size, respectively. It can be observed from Fig. 2 that 
LION outperforms both Narada and Coded Multicast at all 
receiver sizes. As Coded Multicast uses network coding, the 
throughput is higher than that of Narada. LION considers each 
receiver’s heterogeneity and the throughput of receivers with 
high available bandwidth can be improved by joining more 
layers. Therefore the session’s average throughput is improved 
under LION. This highlights the benefits of LION. As the scale 
of underlying network is fixed, with the increase in the number 
of receivers, more overlay links will map to the same physical 
links, which introduces fiercer competition among receivers to 
the limited bandwidth. In consequence, the average throughput 
of the session decreases. However, LION still outperforms both 
Narada and Coded Multicast. 
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Fig. 2.  Average throughput versus receiver size. 

 
In Fig. 3, we observe that Narada has the lowest NRUR. 

This is because multi-path transmission inherently results in 
larger RUR since it involves more links. In Narada, each 
receiver only selects the shortest path using distance-vector 

if ∑ =
<MFN

j kj KNM
1

  /* maxflow paths can not afford layer k */
stop adding layer k and the algorithm terminates  

else  { 
for each path  j in maxflow paths  

SNj=0;  
while ∑ =

<MFN

j kj KSN
1

/* assign stripes */ 

 for each path i in maxflow paths { 
SNi = SNi+1; 

NMi = NMi -1; 
if (NMi < 1) 

Remove path i from maxflow paths; 
if ∑ =

==MFN

j kj KSN
1

 

terminate; 
} 

} 
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protocol; while in multi-path schemes, each receiver uses 
alternate paths, which are probably “longer” than the shortest 
path. To get the same throughput, transmitting data through the 
alternate paths, which traverse more links, will result in higher 
RUR than the shortest path. In consequence, both Coded 
Multicast and LION suffer from higher network resource 
consumption. LION has a slightly higher NRUR than Coded 
Multicast. It is reasonable since LION selects more paths and 
utilizes the links which have available bandwidth to improve 
throughput. The increase in NRUR is not proportional to the 
increase in receiver group size. 

In summary, LION improves the session’s throughput 
significantly while keeping the network resource consumption 
under a reasonable value. 
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Fig. 3.  Normalized Resource Usage Ratio versus receiver size. 

VI. CONCLUSIONS 
In this paper, we seek to improve media delivery 

application’s throughput in heterogeneous overlay network 
using network coding. Given that the bandwidth between 
multicast sender and receivers is heterogeneous in nature, we 
propose a layered overlay multicast scheme to improve the 
throughput with the presence of the relay nodes. Instead of 
building single or multiple trees, we construct the data 
distribution paths into multiple layered meshes. We first 
formulate the problem and then propose a distributed heuristic 
to approximate the optimal solution. Simulation results 
demonstrate that the overall throughput of a multicast session is 
significantly improved compared with existing works. 

Note that one of the limitations LION may have is that it’s 
sensitive to the events of node joining and leaving. The 
obtained throughput may be affected when the overlay 
structure changes. It may introduce certain overhead to find a 
better solution adaptively since the receivers need update the 
paths to construct mesh. However, we believe LION still has 
some applicable scenarios such as small scale overlay networks 
or a network which has relatively static node membership. 
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