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Fig. 2. Performance comparison of NC-CCPR with lower bound, and the
Random selecicheme. Node number is 49.

multiple transmitting nodes. However, nodes in this case are
selected randomly without considering the Rank. It is obvious
that NC-CCPR provides big improvement over random node
selection. We can see that transmission rounds needed for the
NC-CCPR algorithm is less than 2 times the lower bound.
Therefore the ranking scheme is effective in finding proper
candidate nodes for transmission.

C. Distributed NC-CPR

In practice, it is difficult for each node to get global
information and it is also unclear how to synchronize the nodes
efficiently. Therefore, we propose the NC-DCPR protocol
based on the heuristics from NC-CCPR. It turns out that the
proposed protocol provides great performance improvement
over DCPR in [2] where NC is not used.

The batch based NC-DCPR implements NC in the same way
as in NC-CCPR. When nodes have received a batch of packet
from MBMS, they initiate the repairing process. The repairing
goes from batch to batch. The header of the transmitted packet
should contain the encoding vector, therefore the size of the
header will be around M bytes, which makes the overhead
of NC-DCPR %. We prefer smaller batch size M because
reducing M leads to smaller overhead and shorter time it
takes to wait for the starting of the repair process. The header
also includes the number of innovative packets the transmitting
node has. Using this information the receiving nodes can then
estimate the total number of neighbors’ packets, which is used
for transmission scheduling as shown later.

Whenever a node is ready to send a packet, it waits for
Transmit Wait Interval (T W I) time before transmission. TW I
is made up of four parts, namely, Transmit Penalty (TP),
Random Wait Interval (RW 1), Self Oriented Wait Interval
(SOW ) and Neighbor Oriented Wait Interval (NOW I). To
be more specific, we have

TWI=TP+ RWI+ SOWI+ NOWI, 2)
Ci M

where SOW | = WQPackets and NOWI =

C> (#Neighbors P ackets)
FNeighbors M . C1 and C; are two parameters to be

tuned for optimal weights on the two heuristics. We illustrate

the functions of the four parts as follows. TP and RWI
are used to reduce the chance that a highly ranked node
transmits all the time. Whenever a node has just sent a packet,
it waits for an additional TP time to send the next packet.
SOW I captures the heuristic that the more packets a node
has, the less time it should wait to transmit. Similarly, NOW I
presents the heuristic that the fewer packets a node’s neighbors
have, the less time it should wait for the next transmission.
Whenever a node receives a packet, it cancels its current
scheduled transmission and wait for a new TWI time. In
this way, transmission collision is further reduced. In the
next section, we evaluate the performance of the NC-DCPR
protocol through extensive simulation studies that validate the
effectiveness of the protocol.

IV. EXPERIMENTAL EVALUATION

A. Simulation Setup

We consider a 1000x 1000m? square network on which
nodes are either uniformly distributed or clustered depending
on the network topology. 3G MBMS [1] sends at its maximum
rate of 384kbps. The repair deadline for the batch based
NC-DCPR protocol is the time that nodes receive one batch
of packets from MBMS, i.e., the maximum allowed repair
time epoch = & 3%4'\/' ms. We consider two MBMS packet
loss models with average loss rate L: Identical Independent
Distributed (IID) and Spatial & Temporal Locality (STL). For
the IID model, nodes within the network have i.i.d. loss rate
L. For the STL model, nodes within the &%0 X &%omz square
have average loss rate 0.75L while nodes outside of the square
have average loss rate 1.25L, which captures the spatial packet
loss characteristic. We also use the Gilbert model [11] in STL
to capture the burst packet loss characteristic. To show how
topology affects the performance, we use a special biased loss
model for the clustered topology, where in each of the cluster,
some of the packets are lost by all of the nodes. This captures
the scenario that some nodes further away from the MBMS
base station may lose packets at the same time. The simulation
is performed using QualNet in which we set all the nodes to
work in 802.11g broadcast mode where ARQ is disabled.

The parameter TWI1 is tuned under different set-
tings for better performance. The settings we explore
are: M = {5/10,50,10¢, L = {0.1,0.30.5,0.7},
B = {100 500, 100G, loss model={IID, STL}, and Topol-
ogy={ Homogeneous, Cluster}. By varying the parameters in
(2), we find that many combinations give good result. We
choose one of the best combinations [1, 2, 4, 0.5], for
C1,C,, TP, and the maximum value of RW respectively,
which is used throughout the simulations. The repair time
shown in the next subsection is the time from the starting
of an epoch till all the nodes have received enough innovative
packets to perform decoding. The NC decoding time is not
included. However as shown in [12], the NC decoding time
can be covered by the repair packets transmission time by
using progressive decodingnd therefore is ignored for the
sake of clearly showing the performance of the protocol.
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Fig. 3. CDF of NC-DCPR protocol repair time. Comparison between loss
models STL and IID. MBMS loss rate is 0.3. Batch size is 100 and packet
size is 1000bytes.

B. Protocol Efbciency

a) Loss Model and Loss RateWe uniformly put 50
nodes in the 1000x 1000M? square network. We choose the
repair batch size as 100, packet size 100ytes and the MBMS
average loss rate L = 0.3. In this case, epoch is around 2s.
Fig. 3 shows the Cumulative Distribution Function (CDF) of
the repair time of all the nodes. It turns out that all the nodes
are recovered within 10% of the epoch. We also conducted the
simulation for CPR without NC with similar settings, which
yielded a repair latency of around 40% of the epoch. Therefore
in terms of repair time, NC-CPR outperforms CPR without NC
significantly. Note that for the STL model more nodes finish
repairing in very short time. This is due to the fact that loss
distribution in STL model is not homogeneous. It is possible
that some nodes lose very few packets while some lose much
more. Therefore some nodes can be recovered very quickly
while others may take longer time to repair. The average repair
time for the IID and STL models are 72.07ms and 76.56ms,
which implies that the degree of homogeneity of packet loss
influences the repair time, but in a limited manner. We use the
more practical STL model for the following discussions.

By varying the MBMS packet loss rate from 0.1 to 0.7,
Fig. 4 shows how loss rate affects the performance. The result
is intuitive since higher loss rate incurs longer repair time.
However, it is worthy to note that even when the loss rate
is 0.7, all nodes can be recovered around 20% of the epoch,
which further shows the effectiveness of the protocol.

b) Batch Size and Packet SizBatch size and packet size
are two important parameters for our protocol. They affect the
time to wait before repairing and the repair latency. Again we
put 50 nodes in the 1000x 1000M? square network uniformly.
With the loss rate 0.3 and loss model STL, Fig. 5 and Fig.
6 show how batch size and packet size affect the protocol
performance. It turns out when batch size is larger than 10,
it does not affect the protocol much. Since smaller batch size
means shorter time to wait to start the repairing, we prefer
small batch size for the protocol.
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Fig. 4. Repair latency, average repair time and standard deviation of repair
time under different MBMS average loss rate. Batch size is 100. Packet size
is 1000bytes.
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Fig. 5.  Repair latency, average repair time and standard deviation of
repair time under different batch size. MBMS loss rate is 0.3. Packet size
is 1000bytes.

By analyzing Fig. 6, we observe that when packet size is
100, it takes relatively longer time to recover all the nodes
while for other packet sizes, the repair time is shorter and
similar. This is because while transmission time and epoch
are reduced with smaller packet size, TW is not reduced.
Therefore comparing with the packet transmission time, TW I
plays a more important role in the total repair time, making the
relative repairing time longer than when packet size is large.

¢) Network Topology and DensityWe show how topol-
ogy affects the performance of the protocol through Fig. 7. We
consider three topologies: homogeneous, clustered and bias
clustered. In the homogeneous topology, nodes are uniformly
distributed in the 1000x 1000m? square network while for the
clustered topology, nodes are grouped into two clusters, one
with 24 and the other with 25 nodes. There is one bridge node
connecting the two clusters. Nodes in different clusters are out
of the transmission range from each other. Communication
between the two clusters can only be done through the bridge
node. The MBMS loss model for the homogeneous and the
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