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Abstract

The stationary nature of nodes in a mesh network has shifted the main design goal of routing protocols from maintain-
ing connectivity between source and destination nodes to finding high-throughput paths between them. Numerous link-
quality-based routing metrics have been proposed for choosing high-throughput routing paths in recent years. In this
paper, we study routing metrics for high-throughput tree or mesh construction in multicast protocols. We show that there
is a fundamental difference between unicast and multicast routing in how data packets are transmitted at the link layer, and
accordingly how the routing metrics for unicast routing should be adapted for high-throughput multicast routing. We pro-
pose a low-overhead adaptive online algorithm to incorporate link-quality metrics to a representative multicast routing
protocol. We then study the performance improvement achieved by using different link-quality-based routing metrics
via extensive simulation and experiments on a mesh-network testbed, using ODMRP as a representative multicast
protocol.

Our extensive simulation studies show that: (1) ODMRP equipped with any of the link-quality-based routing metrics
can achieve higher throughput than the original ODMRP. In particular, under a tree topology, on average, ODMRP
enhanced with link-quality routing metrics achieve up to 34% higher throughput than the original ODMRP under low
multicast sending rate; (2) the improvement reduces to 21% under high multicast sending rate due to higher interference
experienced by the data packets from the probe packets; (3) heavily penalizing lossy links is an effective way in the
link-quality metric design to avoid low-throughput paths; and (4) the path redundancy from a mesh data dissemination
topology in mesh-based multicast protocols provides another degree of robustness to link characteristics and reduces
the additional throughput gain achieved by using link-quality-based routing metrics. Finally, our experiments on an
eight-node testbed show that on average, ODMRP using SPP and PP achieves 14% and 17% higher throughput over
ODMRP, respectively, validating the simulation results.
© 2007 Elsevier B.V. All rights reserved.
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and are not energy constrained. Such networks, also
known as “community wireless networks”, can be
used for various applications such as shared broad-
band access, neighborhood gaming, video surveil-
lance, and media repository.

Unlike traditional mobile ad hoc networks
(MANETsS), the routers in mesh networks are static,
and thus dynamic topology changes are much less of
a concern in such networks. As a consequence, the
main design goal for routing protocols is shifted
from maintaining connectivity between source and
destination nodes to finding high-throughput paths
between the nodes. Towards this goal, more sophis-
ticated routing metrics than the hop-count metric
need to be used to find paths that achieve high
throughput, as protocols based on the hop-count
metric often choose long links which tend to be
lossy and give low throughput.

Unicast is a fundamental routing service in mul-
tihop mesh networks. As such, much work has been
done recently on finding a high-throughput routing
metric for unicast routing protocols in wireless mesh
networks. For example, the expected transmission
count (ETX) metric was proposed in [8] to take into
account the loss rates of the links. Similarly, the
round trip time (RTT) and packet pair (PP) metrics
were proposed in [1,22], respectively, to take into
account the delay characteristics of the links.
Finally, the Weighted cumulative expected trans-
mission time (WCETT) metric was proposed in
[13] to take into account the link bandwidth and
loss rates of links in the presence of multiple non-
overlapping channels. In [4,11], two link-quality-
based routing metrics were proposed to minimize
the expected amount of energy needed for end-to-
end data transmission assuming a reliable link layer
and an unreliable link layer, respectively. All these
metrics have been proposed and evaluated for uni-
cast routing protocols such as DSDV [35], DSR
[21], and AODV [36].

Multicast is another fundamental routing service
in multihop mesh networks. It provides an efficient
means of supporting collaborative applications such
as video conferencing, online games, webcast and
distance learning, among a group of users [10]. Pre-
viously, a large number of multicast protocols have
been designed to efficiently maintain a distributed
multicast routing structure in dynamically changing
topologies in MANETS [38,18,26,43,16,39,19,17,31].
All of these protocols use minimum-hop-count as
the routing metric and focus on scenarios with high
mobility. Similarly as for unicast protocols, the sta-

tionary nature of nodes in a mesh network also shifts
the main design goal of multicast routing protocols
from efficiently maintaining a distributed multicast
routing structure to finding a high-throughput mul-
ticast routing structure such as a tree or a mesh.
Despite the numerous recent studies on link-qual-
ity-based routing metrics for high-throughput uni-
cast routing in mesh networks, there has been little
work on link-quality-based routing metrics for
high-throughput multicast routing.

In this paper, we study the design of link-quality-
based routing metrics for high-throughput multicast
in mesh networks. One approach is to simply adopt
the unicast routing metrics such as ETX and
WCETT for multicast protocols, i.e., in the tree or
mesh construction. However, these metrics may
not work well as the way they reflect the link quality
depends very much on the link layer data transmis-
sion, and multicast routing is inherently different
from unicast routing in the way the link layer han-
dles data packets. In particular, while unicast rout-
ing protocols use unicast to send data packets at the
link layer, most multicast routing protocols use
broadcast at the link layer for disseminating data
packets. The fundamental difference between link
layer broadcast and link layer unicast is that the for-
mer has no link layer acknowledgments and conse-
quently no link layer retransmissions. This
difference has two immediate implications on multi-
cast routing: (1) the link quality that matters is uni-
directional, since per-hop data transmission no
longer involves two round trips (RTS/CTS/
DATA/ACK); and (2) each node has only one
chance to properly transmit a data packet at the link
layer since there are no retransmissions. These
implications suggest that link-quality metrics
designed for unicast may no longer be appropriate
for multicast, i.c., for constructing a high-through-
put multicast tree or mesh.

In this paper, we first study how to adapt the
routing metrics developed for unicast for use in mul-
ticast in mesh networks. We then study the perfor-
mance of a set of five routing metrics adapted
from those for unicast protocols, namely, ETT,
ETX, PP, Multicast ETX (METX) and Success
Probability Product (SPP), where METX and SPP
are adapted from two energy-efficient routing met-
rics proposed in [4,11]. Our study is performed using
ODMREP [26], a state-of-the-art proactive multicast
protocol. For each routing metric, we modify
ODMRP to construct the routing structure based
on that routing metric. We also compare the modi-
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fied versions of ODMRP with the original
ODMRP. Our studies are conducted via extensive
simulations as well as experiments on a mesh net-
work testbed consisting of eight nodes deployed
on the second floor of an office building on the Pur-
due campus.

Our simulation study shows that ODMRP using
any of the five metrics, ETT, ETX, METX, PP, and
SPP, outperforms the original ODMRP by signifi-
cant margins. These margins of improvement are
similar to those achieved in unicast routing using
high-throughput routing metrics [12]. In particular,
on average, ODMRP using SPP or PP achieves 34%
and 21% higher throughput than the original
ODMRP under low and high load, respectively.
Our testbed experiments show that on average,
ODMRP using SPP and PP achieves 14% and
17% higher throughput over ODMRP, respectively.
Finally, our simulation studies show that path
redundancy in a mesh topology provides another
degree of robustness to link characteristics. In par-
ticular, when the number of sources per group is
increased from one to two, the increased path
redundancy in the original ODMRP causes it to
perform reasonably well, and the additional
throughput improvement from using link-quality-
based routing metrics is reduced by around 15%
under both low and high loads.

The main contributions of this paper are as
follows:

e We point out that high-throughput routing met-
rics design for unicast routing cannot be directly
applied to multicast routing due to a fundamen-
tal difference between unicast and multicast rout-
ing in how data packets are transmitted at the
link layer.

e We show how to adapt the routing metrics for
unicast routing for high-throughput multicast
routing.

e We propose a low-overhead online adaptive
scheme for incorporating link-quality metrics to
a representative multicast protocol.

e We present detailed simulation results of
ODMRP based on different routing metrics
which demonstrate significant throughput gain
from using high-throughput routing metrics.

e We present experimental results on a testbed that
validate the simulation results.

e We present tradeoffs between probing overhead
and throughput gain in using high-throughput
routing metrics.

e We show that path redundancy in a mesh topol-
ogy provides another degree of robustness to
link characteristics which reduces the through-
put gain from using high-throughput routing
metrics.

To the best of our knowledge, this is the first
study on high-throughput routing metrics for multi-
cast in wireless mesh networks.

The rest of the paper is organized as follows. Sec-
tion 2 describes the routing metrics previously pro-
posed for unicast routing protocols. Section 3
discusses the fundamental difference between multi-
cast and unicast modes of communication in wire-
less multihop networks and describes how to
accordingly modify the existing unicast routing met-
rics for multicast routing. Section 2.2 gives a brief
overview of ODMRP and Section 4 the changes
made to ODMRP in order to incorporate the rout-
ing metrics. Section 5 presents simulation results
and Section 6 presents experimental results on a
mesh network testbed. Finally, Section 7 reviews
related work and Section 8 concludes the paper.

2. Background

In this section, we first give a overview of existing
routing metrics for unicast protocols followed by a
description of a representative multicast protocol
for wireless networks, namely, ODMRP.

2.1. Routing metrics for unicast protocols

Recently, several link-quality-based routing met-
rics have been proposed for unicast routing proto-
cols in wireless networks. They are based on the
characteristics of the underlying link such as band-
width, loss, and delay. In the following, we briefly
review these metrics:

(a) RTT. In [1], Adya et al. proposed the per-hop
round trip time (RTT) metric which measures
the round trip delay seen by unicast probes
exchanged between neighboring nodes. To
estimate RTT, each node sends a probe packet
with a timestamp to each of its neighbors
every 500 ms. Each neighbor responds to the
probe it receives with an acknowledgment. In
this way, the sender can measure the RTT
for that probe and estimate an average value
based on the current measurement and the
previous estimated average. Finally, the
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routing algorithm selects the path with the
least cumulative RTT of all the links along
the path.

(b) PP. The packet pair (PP) metric was first pro-

posed by Keshav in [22] to measure the delay
between a pair of back-to-back probes to a
neighboring node. The use of two successive
probe packets eliminates the effect of queuing
delays. It was one of the routing metrics used
in a comparison study by Draves et al. [12]. In
this implementation, each node periodically
unicasts two back-to-back probe packets,
one small and one large, to each of its neigh-
bors. Each neighbor computes the delay
between the arrival of the two probes and
sends this delay back to the sender. An expo-
nentially weighted moving average (EWMA)
of the delays is maintained at each node for
each of its neighbors. The path with the least
sum of delays at all of its constituent links is
selected by the routing algorithm.

(c) ETX. The previous two schemes use link delay

in their metrics. In [8], De Couto et al. pro-
posed the expected transmission count (ETX)
metric which is based on the expected number
of transmissions required to send a unicast
packet over a link, including retransmissions.
To calculate ETX, each node measures the
probability that a packet successfully reaches
the receiver, denoted as dy, and the probability
that an ACK is successfully received by the
sender, denoted as d,. The ETX value of the
link is given by

1

ETX =
df X dr

()

The routing algorithm then selects the path
with the least sum of ETX values of all its con-
stituent links. To measure d; and d,, each node
broadcasts a probe packet every second. Each
such probe contains the number of probes the
node received from each of its neighbors in the
previous 10s. Since the 802.11 MAC layer
protocol does not retransmit broadcast pack-
ets, nodes use this information to estimate
the forward and reverse delivery probabilities.

(d) WCETT. In [13], Draves et al. proposed the

weighted cumulative expected transmission
time (WCETT) metric as an enhancement to
ETX by considering both the loss rate and
the bandwidth of links. In addition, it consid-
ers available channel diversity. WCETT along

a path with » hops and k different channels is
given by the following formula:

WCETT = (1 — B) x Y ETT, + f x max X,
i=1 S
(2)

where

X, = Z ETT,

J
hopiis on channel j
for 1 <j<k and 0 < < 1. Finally, ETT is
estimated as

ETT = ETX x % (3)

where S is the packet size and B the bandwidth
of the link. To calculate ETT for each link, it
measures ETX using the technique mentioned
above, and the bandwidth using a technique
similar to packet pair.

(e) Energy aware routing metrics. In [4,11], the

authors propose routing metrics to minimize
the total transmission energy. They study the
problem of energy-efficient routing under
two cases: the case where the link layer ensures
reliability through hop-by-hop retransmis-
sions (HHR), and the case where the link layer
is unreliable and reliability can be guaranteed
only through end-to-end retransmissions
(EER). For HHR, the following routing met-
ric is proposed:

n E
HHR = d (4)
=1

i= 1 — Perr;
where i denotes the ith link, E; is the energy re-
quired to transmit over that link, and p,,,, is
the error rate of that link. Eq. (4) gives the ex-
pected amount of energy needed to transmit a
packet over a path consisting of » links. For
EER, the following approximate metric was
proposed in [4]

2L
H?:l (1 _perri)
with the notations having the same meanings

as above. In [11], an optimal metric for EER
which improves upon Eq. (5) was proposed as

1
1 - DPerry

EER ;pprox = (5)

Cls,d) = [C(s,u) + W (u, d)] (6)
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where ((s,d) is the expected energy-cost of
transmission from a source s to destination d,
[ is the link between u and d in the path, and
W(u,d) is the transmission energy required be-
tween nodes u and d. Since the above metrics
for EER assume there is no link layer reliabil-
ity and hence no retransmissions, they can be
directly adopted for multicast routing.

2.2. QOverview of ODMRP

ODMRP employs a route discovery procedure to
create a multicast mesh in which a set of nodes are
responsible for forwarding data packets to the mul-
ticast group member nodes using link-layer broad-
cast. When a source has data packets to send, it
periodically floods the network with a JOIN QUERY.
Each intermediate node that receives the JOIN QUERY
checks if it is a duplicate based on the sequence
number present in the packet header. If not, it stores
its upstream node identifier in its ROUTING TABLE and
rebroadcasts it. Once the JOIN QUERY reaches a mem-
ber node of the multicast group, the node creates a
JOIN TABLE and broadcasts a JOIN REPLY containing
the JOIN TABLE to its neighbors. The JOIN TABLE con-
tains two fields: the source and the last hop from
which the node received the JOIN QUERY, as shown
in Fig. 1. When a node receives a JOIN REPLY, it
checks whether it is the last hop in any of the entries
in the JOIN TABLE contained in the JOINREPLY packets.
If so, it sets its FG_FLAG and makes itself a forward-
ing node for that multicast group. It propagates the
JOIN REPLY packet with a new JOIN TABLE containing
the source and the last hop from the source to itself.
This information about the last hop from the source
to itself is stored in its ROUTING TABLE. Once the JOIN
REPLY packets from all the members reach the
source, the paths have been set up from that source
to all the members of the group. This process builds
a mesh of nodes called the FORWARDING GROUP. Once

Join Table of Node R,

Sender | Next Node
Sy L
S, 1,

Join Table of Node I

Next Node

Fig. 1. A simple example describing JOIN TABLE FORWARDING [26].
JOIN TABLES containing the previous hop from a source are sent in
JOIN REPLIES.

the FORWARDING GROUP is built, the source can start
sending data packets to the group members. Any
intermediate node that receives a data packet for-
wards the packet if its FG_FLAG is set for that multi-
cast group using link-layer broadcast. In the basic
ODMRP, the paths are effectively chosen using
the minimum hop-count as the path metric. In Sec-
tion 4, we propose how to incorporate other link-
quality metrics in ODMRP. Note that ODMRP is
chosen as a representative multicast protocol and
our techniques can be employed in any multicast
protocol.

3. Routing metrics for multicast protocols

In this section, we first discuss the differences in
the way the link layer handles data packets in uni-
cast and multicast and the implications on the
design of high-throughput link-quality-based rout-
ing metrics. We then present how to adapt different
link-quality metrics originally designed for unicast
routing for use in multicast routing.

3.1. Differences between link-layer unicast and
multicast

Data packets are handled differently at the link
layer in unicast routing and multicast routing, and
the difference has direct implications on the design
of high-throughput link-quality metrics. Most mul-
ticast protocols (for example, [26,6,38,18,42]) use
link-layer broadcast for efficiency reasons. In con-
trast, data packets in unicast are handled using
link-layer unicast. The most commonly used link/
MAC layer protocol in wireless ad hoc networks is
the IEEE 802.11 MAC layer protocol. The 802.11
MAC layer unicast involves an RTS/CTS exchange
before sending a data packet. The RTS/CTS
exchange avoids the hidden terminal problem by
reserving the channel via a virtual carrier sense
mechanism. This reduces the probability of collision
during data packet transfer. Further, data transmis-
sion is acknowledged by the receiver. If an acknowl-
edgment is not received, the MAC layer reattempts
the data retransmission for a number of times. In
contrast, the 802.11 MAC layer broadcast does
not involve any RTS/CTS exchange before sending
a broadcast packet. This effectively increases the
probability of collisions. Furthermore, it does not
involve any link layer acknowledgment or data
retransmission. This further reduces the reliability
of broadcast transmission.

doi:10.1016/j.adhoc.2007.07.005
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The abovementioned differences in unicast and
broadcast data transmissions have two major impli-
cations on the design of link-quality metrics. First,
the link quality that matters is bidirectional in uni-
cast, but unidirectional in multicast. In case of uni-
cast, a successful data transfer consists of a
successful transfer of a packet from a sender (S) to
a receiver (R) followed by a successful transfer of
an acknowledgment from R to S, in addition to
an exchange of RTS/CTS between the two nodes,
as shown in Fig. 2. Hence, the overall quality of a
link depends on the link characteristics in both the
forward and reverse direction. For example, if loss
characteristics of a link are taken into account, then
probabilities of a successful packet transfer in both
the forward direction, namely dp, and the reverse
direction, namely d,, should be considered. In case
of broadcast, there are no acknowledgments and
thus a successful data transfer only depends on the
link quality in the forward direction. For example,
the loss characteristics of a link are determined only
by d; from S to R, as shown in Fig. 3. In fact, even if
the reverse path is bad, i.e., d; is low, the link S to R
can still be a low loss link for broadcast packets as
long as dr is high. Hence, in case of broadcast, the
link quality in the reverse direction should not be
considered in the link-quality metric as it may dis-
tort the metric value of a link. Second, since in
broadcast there are no retransmissions, a data
packet has only once chance to properly travel from
one node to another. This implies that unlike uni-
cast, for loss-rate-based link-quality metrics such
as ETX, simple addition of the metric values of
the individual links along a path does not properly

o @ FNOTR®

Fig. 2. Packet exchanges done at the link layer during unicast
data transfer. Successful data transfer involves a successful data
transmission and a successful acknowledgment reception. Bidi-
rectional link quality is critical.

@ @ DATA @ @

Fig. 3. Packet exchanges done at the link layer during broadcast
data transfer. Successful data transfer does not involve any
packets other than the data packet. Unidirectional link quality is
critical.

reflect the quality of the entire path. Instead, a prod-
uct of the metric values of the individual links, e.g.,
the success probabilities (dy) of individual links, bet-
ter reflects the quality of the path.

3.2. Adapting unicast link-quality metrics for
multicast

The above differences between unicast and multi-
cast suggest that the link-quality metrics designed
for unicast (discussed in Section 2) can not be
directly used in multicast protocols. In the follow-
ing, we describe how to adapt these link-quality
metrics for use in multicast protocols.

(a) PP. Since in multicast the data packets are
broadcast at the link layer, the delay measure-
ment is more accurate if a node broadcasts
probe packets instead of unicasting them to
each neighbor node. As before, the delay for
a link is calculated as an Exponentially
Weighted Moving Average. We assign a
weight of 90% to the accumulated average
and 10% to the current one. Another modifi-
cation we introduced is that in case either
the large or the small packet is lost, a 20% pen-
alty is imposed. As we will see in the perfor-
mance evaluation, the penalty plays a major
role in determining high-throughput paths.
In our experiments, the probe packets were
sent periodically every 10 s.

(b) ETX. In unicast, ETX is calculated using both
dr and d, of a link. In multicast, as there are no
link layer acknowledgments, we do not con-
sider d, in Eq. (1). Hence, ETX is now defined
as

1

ETX = a (7)
To measure ETX, the same probe mechanism
as described in Section 2 is used, except the
probe packets no longer contain any informa-
tion, and each node simply counts the number
of the probe packets it received in the past 10
probing intervals. The probing interval is set
to 5s.

(c) ETT. Since we do not assume multiple chan-
nels when comparing different metrics in this
paper, we adapt ETT instead of WCETT for
use in multicast. The value of the metric for
a path is the sum of the ETT values of the
individual links. To measure ETT (Eq. (3)),
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each node periodically sends two back-to-back
probe packets every 10 s, one small and one
large, as in Packet Pair. The receiver uses the
small packets received in the past 10 probing
intervals to calculate ETX. The bandwidth of
each link is estimated using packet pair, but
unlike in [13], we estimate the available band-
width instead of the raw bandwidth, by divid-
ing the size of the large packet with the delay
between the two probe packets and maintain-
ing an average of the bandwidth metric value
over the last 10 probing intervals. Different
from the adapted PP metric above, we do
not impose a penalty on the delay values in
case of probe packet losses, since the loss rate
is already taken into account in the ETX
component.

(d) METX. We modify the metric given by Eq. (6)
to a new metric Multicast ETX (METX).
Since mesh networks are not energy con-
strained, we set W(u,d) in Eq. (6) to 1. Such
a transformation gives us the total expected
number of transmissions needed by all the
nodes from a source to a destination in order
to guarantee successful reception of at least
one packet at the receiver. METX can be
expressed as

z 1
METX ; anl(] _perrj)

where i denotes the ith link along a path from
a source to a destination comprising 7 links.

(e) SPP. We modified Eq. (5) to propose the suc-
cess probability product (SPP) metric. The
value of SPP for a path consisting of » links
is given by

(8)

SPP =[] dx, 9)
i=1

where dy, is the dr value for link i (df, =
1 — p.;)- Note that if we set E; in Eq. (5) to
1, the resulting value is n times the value of

1/SPP along the same path which gives an
approximation of the expected total number
of transmissions needed by all nodes along a
path from the source to the destination. In
contrast, SPP (actually 1/SPP) reflects the ex-
pected number of transmissions at the source
itself. The intuition behind such a modification
is as follows. In multicast, data packets are
broadcast at the link layer without acknowl-
edgments or retransmissions. Hence, a packet
is sent to each intermediate node only once,
and is either received properly or lost. As a
consequence, the probability for the destina-
tion node to receive a packet properly over a
path is the product of the probabilities that
the packet is properly received at each interme-
diate node along that path, since the transmis-
sions at these intermediate nodes are
independent events. This probability is exactly
SPP. The routing algorithm selects the path
with the maximum SPP. Note that unlike all
other metrics described in this paper, a high
value of SPP for a path implies a good (high-
throughput) path and a low value implies a
bad (low-throughput) path.

Being a product, SPP is more effective in avoid-
ing paths containing bad links than ETX as a single
high-loss link (low d) decreases the value of the
metric for the entire path multiplicatively, as
opposed to additively in ETX. Fig. 4 gives an exam-
ple showing why SPP is superior to a metric such as
the one given by Eq. (5) or METX which tries to
minimize the total number of transmissions. The
network consists of two paths from A to D, namely
A — B — D and A — C — D. Clearly, in this case
METX and SPP choose different paths, namely
A —B—D and A — C— D, respectively. How-
ever, it is clear that D has a better chance of getting
a packet through A — C— D and hence SPP
chooses the better path.

Note that ideally, SPP is likely to be the metric
best throughput performance as it maximizes the

Path METX 1/SPP
A-C-D 6 3
A-B-D 5 4

Fig. 4. SPP can choose higher-throughput paths as opposed to METX at the expense of greater number of transmissions to reach a
destination. The numbers over the links denote the forwarding probability (d;; = 1 — p,,,;) of each link.
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Table 1
Routing metrics for multicast protocols and the link character-
istics they measure

Characteristic Loss Loss +delay Loss + B/w
Metric METX, ETX, SPP PP ETT

probability that a packet successfully reaches the
intended recipient. However, it is interesting to see
how SPP performs under practical circumstances
such as varying available channel capacity, fading
and collisions. Moreover, SPP does not account
for available bandwidth (accounted for by ETT
and PP) and total number of packet transmissions
in the network (accounted for by ETX and METX).
Such factors may further affect the final throughput
performance of a routing metric. Thus, it is not obvi-
ous that SPP would be an outright winner among all
routing metrics. In fact, Section 5 shows that SPP is
not the metric with the best throughput under all
topology instances (scenarios), though it does
achieve the best throughput on average. Further-
more, we also observed that SPP is not as aggressive
in penalizing lossy links as PP under some cases we
encountered in our testbed experiments in Section
6. Finally, we also study other application layer met-
rics such as delay. Studying routing metrics other
than SPP gives us insights about the tradeoffs
involved in their design, for example, SPP causes
slightly more end-to-end delay as compared to
ETX as it chooses longer paths with short links.

3.3. Summary

Table 1 classifies the link-quality metrics into
three categories based on the link characteristics
that they measure. The first category includes
ETX, METX and SPP; these are purely loss-based
metrics. The second category includes PP which
takes into account both loss and delay. Finally,
the third category includes ETT which takes into
account both loss and bandwidth. We do not study
RTT in this paper because in [12] RTT has been
shown to be problematic as the RTT measurements
get distorted due to queuing delays.

4. Incorporating link quality metrics in a multicast
protocol

To evaluate the throughput improvement under
the various link-quality metrics for multicast, we
choose ODMRP [26] as a representative multicast

protocol for wireless multihop networks. In this sec-
tion, we describe the distributed implementation of
incorporating link-quality metrics in ODMRP.

4.1. Incorporating link-quality metrics

To incorporate the new link-quality metrics into
ODMRP, we modified ODMRP as follows. Each
node maintains a new data structure, called the
NEIGHBOR TABLE, that records the costs of the links
from its neighbors to itself. The costs are defined
according to the link-quality metric being used,
and are periodically updated. In the modified
ODMRP, each node looks up the NEIGHBOR TABLE
for the cost of the link from which it received the
JOIN QUERY and using this link cost, it updates the
cost in the JOIN QUERY packet before rebroadcasting
it. Finally, when the JoIN QUERY reaches a group
member, it contains the total cost of the path
traveled.

Figs. 5-7 demonstrate the manner in which the
link-quality metrics are incorporated in the multi-
cast routing scheme. Initially neighbors probe each
other to obtain a value of the link-quality metric
to their neighbors in each direction. Nodes store
such values in their NEIGHBOR TABLE. For example,
Fig. 5 shows the link-quality metric values stored
by node B in its NEIGHBOR TABLE (NT-B). It has
entries for both its neighbors A and C with link-

NT-A NT-B NT-C
B 6 A 4 A -
c - cC 9 B 8
O=—=C==0O

—

B —

6 9

A B C

Fig. 5. Maintaining the link-quality metrics in each node’s
NEIGHBOR TABLE. The solid arrows are labeled with their link-
quality metric values.

NT- A NT -B NT - C
B 6 A 4 A -
c - cC 9 B 8
@ O
A B C

Fig. 6. Propagation of joIN QUERY denoted by the dashed arrows
from source to destination: first hop. An intermediate node
updates the value of the path-quality metric in the JOIN QUERY
packet based on the link-quality value stored in its NEIGHBOR
TABLE.
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NT - A NT -B NT-C
B 6 A 4 A -
c - C 9 B 8
N\
&-=6-=0
N—

A B C

Fig. 7. Propagation of joIN QUERY from source to destination:
second hop. When the JoIN QUERY packet reaches the destination,
it has the value of the path-quality of the entire path.

quality metric values of 4 and 9, respectively. Once
ODMRP starts running, a JOIN QUERY packet is
flooded in the network by the source node A as
shown in Fig. 6. Each rectangular box inside a node
(denoted by a circle) denotes the JoIN QUERY packet,
and the value inside is the path-quality metric value
of the partial path traversed. When the JOIN QUERY
packet leaves A, its path-quality metric value is 0.
When it reaches the intermediary B, B stamps the
path-quality metric value (of the partial path tra-
versed till B) using the information from NT-B. B
propagates the jomn QUERY packet further as shown
in Fig. 7. Finally when the JoIN QUERY packet
reaches the destination node C, C updates the
path-quality metric value which becomes the path-
quality metric value for the entire path from A to
C. C may receive many such JoIN QUERY packets
along different paths in the network over a period
of time, but it chooses the best path among them
(see the following section) and sends back a JoIN
REPLY along that path in the reverse direction as
before.

4.2. Achieving path diversity

To achieve diversity in the paths received, instead
of sending back a joiN REPLY immediately after get-
ting the first JOIN QUERY, a group member waits for a
period of ¢ seconds. During this period, it accumu-
lates several duplicate JOIN QUERY packets and stores
the best among them, based on the cost of the path
traveled by each joIN QUERY. After the period of ¢
seconds, the member constructs the JOIN TABLE using
the stored JOIN QUERY, i.e., the best among all joIN
QUERY packets received during the 6 seconds, and
broadcasts the JOIN REPLY to its neighbors as before.
Note that the J-second period effectively controls
the diversity of the paths that a member gets to
choose from. The d-second period should be large
enough to ensure that the joiNn QUERY packets from
most of the diverse paths are received. This imple-

mentation is similar to the version of ODMRP that
uses mobility prediction [28].

To achieve more diversity in the paths received
by each group member, each intermediate node is
allowed to forward duplicate joIN QUERY packets
similarly as in [33]. Such a scheme may lead to a
broadcast explosion of the queries. To prevent such
a case from happening, we impose two restrictions.
First, a duplicate query is forwarded only if the cost
of the path it has traveled is less than that of the
minimum cost query received so far. Second, each
node sets a timer for a period o < seconds when
it receives the first JoIN QUERY with a particular
sequence number. The value of « is kept smaller
than 6 because a member accepts queries only for
a period of ¢ seconds and drops all duplicate queries
received after the expiration of that period. It is
important to choose o carefully as a very small value
will lead to small path diversity, and a too high
value may lead to a high query processing overhead.
Such a timer « limits the number of queries trans-
mitted by a node to only as many packets that can
be sent during that duration, which is bounded by
a constant C. As a result, the total number of que-
ries transmitted in the network grows as CXx N,
where N is the number of nodes in the network.

4.3. Adaptive online determination of o and 6

As mentioned above, determining the best value
of o and ¢ is important to the performance of the
different routing metrics. The optimal values of
these parameters depend on the characteristics of
the network in which the different routing metrics
operate. Such characteristics may include channel
quality, the number of nodes in the network, the
number of receivers and senders, the number of
multicast groups, and the network diameter. Thus,
hard coding the values of these parameters is not
appropriate. One of the possible ways to obtain
the best value of these parameters is a trial-and-
error based approach, periodically conducted by
the network administrator. However, such a scheme
will not be able to cater to the transient changes in
the network conditions. In the following, we pro-
pose an adaptive, online scheme for determining
the best values of these parameters.

Our adaptive scheme works as follows. Every
time the source sends a JOIN QUERY, it also piggy-
backs a value for the parameter o with the same
packet. Such a value is unique to every source
of every group. On receiving the JOIN QUERY, the
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intermediate nodes follow the same procedure as
described in Section 4.2. The only difference being
the fact that now instead of using a predefined value
of o, they use the value present in the JOIN QUERY
packet. The receivers use a ¢ value equal to K*o
where K is a small constant larger than one. For
our simulations, we use K = ‘—3‘.

To search for the best o/6 values during initializa-
tion and throughout a multicast session, the source
continuously collects feedbacks from the group
members on the quality of the multicast mesh, as
shown in Fig. 8. We denote the periodic interval
when the source node S sends out a new JOIN QUERY
as a cycle. Assume at the beginning of cycle i+ 1,
the source node sends «;;; and sets a binary direc-
tion vector DV, as up. DV, essentially remem-
bers whether the value of o was increased or
decreased for cycle i + 1 and is set as either up or
down. The JOIN QUERY is propagated by intermediate
nodes using o;y; and eventually every receiver R
receives o1, and after waiting for J;y, it sends
back the (i + 1)th joiN REPLY. It also calculates the
number of packets received during cycle i (approxi-
mated using the number of packets received
between receiving the ith and the (i+ 1)th joIN
QUERY), and piggybacks this information FB; to
the source via the (i + 1)th joiNn REPLY packet. The
same process repeats at each mesh rebuilding cycle
of ODMRP. Note there is a one-cycle delay in the
feedback process. The (i + 2)th JoIN REPLY contains
the feedback for the multicast mesh built based on
the (i + 1)th «/d values, i.e., the mesh built based
on the (i + 1)th joiN REPLY packets from the mem-
bers. Because of this delay, after receiving the
(i + 2)th joIN REPLY, the source has to decide on
the (i + 3)th o value based on the feedbacks from
using the ith and the (i + 1)th «/6 values. For this
reason, each o value (and J value) is used in the JoIN
QUERY for two consecutive cycles, i.e., o> = 0y,
o; = o;_1, and so on.

S. Roy et al. | Ad Hoc Networks xxx (2007) xxx—xxx

Based on the number of packets received during
the ith cycle and the (i + 1)th cycle, the source and
adapts the value of « for the (i + 3)th cycle as fol-
lows. If the total number of packets received by
the receivers during the (i + 1)th cycle is less than
that during the ith cycle, i.e., FB;; <FB, and
DV,;.; was down, then the source increases the value
of o by a constant factor ¢, i.e., a;13 = %41, else if
DV, was up then o is decreased by the factor z. We
use ¢ = 2 in our simulations. Thus depending on the
feedback from the receivers and the value of DV,
the value of « is adjusted accordingly by each source
of each group.

During the initialization of a new multicast ses-
sion, the source node sends a small value of « (e.g.
40 ms) and sets a binary direction vector DV as up.

Fig. 9 shows the evolution of the § value under
one of the scenarios studied in Section 5; the o value
evolves similarly as o is a constant times ¢. The
results for other scenarios are similar. Fig. 9 shows
that under our adaptive scheme the 6 parameter
quickly converges to a range of three values between

400 T T T T T T

350 k

300 k

250 b

200 k

Delta (ms)

150 b
100 b

50 k

O 1 1 1 1 1 1
0 20 40 60 80 100 120

Time Units

140

Fig. 9. The dynamics of the ¢ value for one of the sources. The
value of delta converges to a small set of values, i.e., between 40
and 160 ms.

cycle i+1
S JQi\ / JoAi+1\ / JQi+2\ / JQi+3\ / time
ol ®j+] o i+2 O i43
JRi \ JRi+1 JRi+2 JRi+3
R FB i-1 FBi FB i+l FB i+2

8i 841

342 3i+3

Fig. 8. The multicast source node S dynamically adjusts the « value according to the feedbacks from group members R. There is a one-
cycle delay in the feedbacks, as the (i + 2)th JoIN REPLY contains the feedback for the multicast mesh built based on the (i + 1)th «/delta
values, i.e., for the mesh built based on the (i + 1)th joIN REPLY packets from the members.
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40 and 160 ms. We note that since our adaptive
scheme continuously explores better 6 and o values,
after convergence, the 6 parameter will almost
always oscillate among a range of three values
(e.g., 40, 80, 160 ms). Further, there is a tradeoff
between the range and the convergence time; by
making the ¢ factor smaller, the range will become
smaller, but the time till convergence may be longer.

Finally, we note that our inline scheme can
account for all forms of dynamics present in the sta-
tic mesh network, such as changing link quality and
traffic pattern, because it tries to adapt all the time,
looking for new o and ¢ values at every cycle that
would further improve the throughput. Effectively
at every point of time, the adaptive scheme tries to
search for a better value of « till it converges to a
set of optimal values. In the presence of dynamics
such as a link-quality change or traffic change, if
such change leads to a change in the number of
packets received in a particular cycle, the online
scheme would again start searching for a new set
of optimal values of & under the current conditions.

5. Simulation results

In this section, we present simulation results
comparing the performance of ODMRP under dif-
ferent link-quality metrics.

5.1. Simulation setup

(a) Scenario. We used the Glomosim [44] simula-
tor in our simulation study. We simulated a
network of 50 static nodes placed randomly
in a 1000 m x 1000 m area. We used two mul-
ticast groups with nine receivers and one
source each. The sources sent CBR traffic,
consisting of 512-byte packets sent at a rate
of 5 packets/s in the low-load case and 20
packets/s in a high-load case.! The radio prop-
agation range was 250 m and the channel
capacity was 2 Mbps (the data rate used for
broadcast in 802.11 MAC protocol). The sim-
ulation duration was 400 s. The TwoRay prop-
agation model was used. We initialized o as
30 ms and 6 as 40 ms, and we observed that

! Although the source sending rate is only 80 kbps, the actual
load on the network is much higher as taking the node density
into account, the total traffic load within a transmission range is
on average 600 kbps.

in all the simulation scenarios, the values of

o and ¢ quickly stabilized to a small set of

fixed values. We used the Rayleigh fading

model in our simulations, as it is appropriate
for environments with many large reflectors,

e.g. walls, trees, and buildings, where the sen-

der and the receiver are not in Line-of-Sight of

each other. We envision that such environ-
ments will be common for mesh networks.

We simulated each protocol on 10 different

randomly generated topologies and the result

for each topology as well as the average over
all topologies are presented.

(b) Evaluation metrics. The following metrics are
used to evaluate the various multicast protocol
versions:

1. Average throughput. This metric measures
the data packets (in bytes) delivered to a
multicast group member per second aver-
aged over all multicast group members.

2. Probing overhead. This metric measures
the ratio of the total number of bytes of
probe packets delivered to the MAC layer
(for measuring link-quality metrics) over
the total number of data bytes delivered
to the MAC layer. For ODMRP, the
probing overhead is zero, since ODMRP
does not use any probe packets.

3. Average end-to-end delay. This metric mea-
sures the average delay of a data packet
delivery (over all received packets at all
receivers) which includes delays caused
by queuing at the interfaces, propagation,
and transfer times.

5.2. Results

In this section, we present the performance
results of the various versions of ODMRP. We
denote the original version of ODMRP as
ODMRP, and the versions that incorporate PP,
ETX, METX, ETT, and SPP as ODMRP_PP,
ODMRP_ETX, ODMRP_METX, ODMRP_ETT,
and ODMRP_SPP, respectively. Unless otherwise
stated, we show the results of ODMRP using vari-
ous link-quality metrics normalized with respect to
those of the original ODMRP.

5.2.1. Throughput
Fig. 10 shows the relative throughput results for
the different ODMRP versions under the low traffic
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Fig. 10. Throughput comparison of different routing metrics
using ODMRP under low load. On average the normalized
throughput for all the metrics is higher than the case with high
load.

load. It shows that ODMRP has the lowest
throughput, ODMRP_SPP and ODMRP_PP have
the highest throughput, and on average,
ODMRP_SPP, ODMRP PP, ODMRP _METX,
ODMRP _ETX and ODMRP_ETT achieve about
34%, 34%, 23%, 22%, and 22% higher throughputs
than ODMRP, respectively.

Fig. 11 shows that the above relative perfor-
mance of different versions persists under the high
traffic load, in particular, ODMRP has the lowest
throughput, ODMRP_SPP and ODMRP_PP have
the highest throughput, and on average,
ODMRP_SPP, ODMRP_PP, ODMRP_METX,
ODMRP_ETX and ODMRP_ETT achieve about
21%, 20%, 18%, 18%, and 17% higher throughputs
than ODMRP, respectively. However, the percent-
age gains are lower than under the low traffic load

W QETT WETX OMETX aopPpP ESPP

Normalized Throughput
R
(6]

1.14
1.05

0o 1 2 3 4 5 6 7 8 9 Avg
Scenarios

Fig. 11. Throughput comparison of different routing metrics
using ODMRP under high load. On average ODMRP_SPP and
ODMRP_PP achieve about 20% throughput gains over
ODMRP.

because under the high traffic load, data traffic is
more likely to interfere with probe packets. The
effect of probing overhead is discussed later in Sec-
tion 5.2.2.

ODMRP performs poorly because of fading.
Fading is defined as a random change in the atten-
uation of a communications channel. Fading can
directly affect the link quality. Every receiver has a
receive threshold, which defines the signal strength
below which the receiver cannot receive a signal
properly. With fading, the signal strength may fluc-
tuate up and down. This can cause a packet that
would have been dropped to be received and vice
versa. In particular, the quality of long links is
adversely affected.

In ODMRP, the path from a source to a receiver
is the one taken by the joiN QUERY that reaches the
receiver first, which is, in most cases (except when
the JoIN QUERY along the shortest paths is lost), the
shortest-hop path from a source to a destination
which typically consists of long links. As fading
causes long links to be lossy, ODMRP tends to
choose low-throughput paths.

In contrast, all other ODMRP versions take into
account the link quality in terms of loss rate, delay,
or available bandwidth while picking paths, and
therefore, they tend to pick paths with shorter links
which achieve higher throughput.

Fig. 11 also shows that ODMRP_ETX performs
marginally better than ODMRP_ETT although
both of them take into account the loss characteris-
tics of a link in a similar way (ETT uses ETX to esti-
mate the loss rate). This is due to ODMRP_ETT’s
high overhead of probe packets, as we later show
in Section 5.2.2. To isolate the effect of probe packet
overhead, we performed a simulation in which
ODMRP_ETX was run with ODMRP_ETT’s over-
head, i.e., ODMRP_ETX sends two back-to-back
probe packets every 10s as in ODMRP_ETT but
ignores the larger packet out of the two. We found
ODMRP_ETT performs similarly as ODMR-
P_ETX. Moreover, under low load, the impact of
overhead is far less, and consequently ODMR-
P_ETT performs marginally better than ODMR-
P_ETX, as shown in Fig. 10. This confirms that
ODMRP_ETT’s high overhead can offset its perfor-
mance advantage achieved from better mesh
construction.

Fig. 11 also shows that ODMRP_PP achieves
higher throughput than every other version except
ODMRP_SPP. This result is interesting because
intuitively one would expect ODMRP_PP to per-
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form only as well as ODMRP_ETT because they
have the same (large) overhead and both of them
take loss as well as delay into account (ETT incor-
porates delay information via bandwidth).

The reason is the way in which a packet loss is
penalized in PP. PP puts a 20% penalty on the
EWMA of the delay values. If a link is very lossy,
the old EWMA dominates the component from
the new measurement, the penalty is effectively
incurred repeatedly on the EWMA, and the link
cost grows as an exponential function of time. Such
an exponential growth due to one bad link can
cause the path cost to blow up. This property makes
PP penalize bad links heavily and thus more likely
to avoid them.

We analyze the dynamics of the link costs in PP.
For simplicity, we assume the delay value when a
packet is not lost to be a constant D. After each sec-
ond, the ODMRP_PP computes the delay value as
an EWMA with a weight of W = 0.1 to the new sam-
plesand 1 — W= 0.9 to the old samples. In case of a
packet loss, a penalty of P =0.2 is imposed on the
delay value. We denote the loss rate over that link
as L, and the expected value of the delay metric after
n seconds as d,. At the nth second, if the probe
packet is lost (with probability L), we impose a pen-
alty and hence the metric becomes (1 + P) * d,,. If the
probe packet is received (with probability 1 — L), the
new delay value becomes W * D + (1 — W)d,. Thus
the expected value after n + 1 seconds is given by

dpy=Lx(14+P)xd,+(1-LYWxD+(1—W)d,)
(10)

Fig. 12 plots the above equation with different loss
rate values. It shows that for reasonably high loss
rates, the value of the PP metric increases exponen-
tially with time. Fig. 13 shows a hypothetical sce-
nario in which the numbers show the loss rates of
the links. Fig. 14 shows the values of the link-quality
metric for the two paths. Clearly, one bad link causes
the metric for the entire path A — E — D to grow
exponentially. Because of this, ODMRP_PP can
avoid such paths whereas ODMRP_ETX and
ODMRP_ETT cannot.

Fig. 11 also shows that among all the protocol
versions, ODMRP_SPP along with ODMRP_PP
achieves the highest throughput. On average,
ODMRP_SPP  outperforms ODMRP_METX,
ODMRP_ETX and ODMRP_ETT by 3.7%, 3.5%
and 4.5%, respectively. Being a product of probabil-
ities, ODMRP_SPP is more effective in avoiding
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Fig. 12. A plot of Eq. (10) with different loss rates. PP penalty
causes the link-quality metric value of a lossy link to grow
exponentially with time.

Fig. 13. An example scenario in which PP chooses longer and
high-throughput paths. A high-loss rate of link E — D causes the
metric for the path A — E — D to grow exponentially.
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Fig. 14. The aggressive penalizing by PP causes the metric value
of the entire path to blow up even if it contains one lossy link.

paths containing high-loss links than other proto-
cols as one such link decreases the metric value of
the entire path multiplicatively. It is for this reason
that ODMRP_SPP outperforms ODMRP_ETX
and ODMRP_ETT, both of which take the sum
of the link-quality metrics of the individual
links constituting a path. Fig. 15 illustrates how
ODMRP_SPP is capable of choosing better
throughput paths than ODMRP_ETX using an
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Path ETX SPP
A-B-C-D  3.75 0.512
A-E-D 3.61 0.36

Fig. 15. SPP can choose longer and higher-throughput paths as
opposed to ETX. A product of link-quality metrics makes the
metric value of the entire path degrade even if one link is lossy. In
ETX a low-loss link can compensate for a high-loss link.

example network. The network consists of two
paths from A to B, namely A— B — C — D and
A — E — D. The first path is longer (3 hops) but
it consists of low-loss links with each link having a
probability of 0.8 of successfully transmitting a
packet, while the second path is shorter (two hops)
but consists of one very low- and one very high-loss
link with success probabilities of 0.9 and 0.4, respec-
tively. Clearly, the bad link E — D makes the SPP
metric for the path A — E — D very small. The
value of SPP for the first path is 0.512 and for the
second path is 0.36, and SPP selects the longer
(high-throughput) path. The ETX values for the
two paths are 3.75 and 3.61, respectively, and
ETX selects the shorter (low throughput) path.
Hence, ODMRP_SPP can avoid selecting the path
with even one high-loss link while ODMRP_ETX
and ODMRP_ETT cannot.

Finally, ODMRP_METX outperforms ODMR-
P ETT and ODMRP_ETX because it is more
aggressive in avoiding lossy links and unlike ETX
and ETT, METX takes into account the unreliabil-
ity of the link layer while calculating the expected
number of transmissions. But, it is less aggressive
than ODMRP_PP and ODMRP_SPP and hence
the difference in performance. In summary,
ODMRP_SPP and ODMRP_PP achieve higher
throughputs by heavily penalizing lossy links and
thereby avoiding them. ODMRP_ETX and
ODMRP_ETT also penalize lossy links but they
are less aggressive in doing so and therefore not as
effective. ODMRP_METX is a hybrid of ETX and
SPP and hence its performance lies between those
two. ODMRP does not consider any link character-
istics and tends to choose short paths consisting of
long links that are lossy, and hence it performs
poorly in terms of throughput.

5.2.2. Probing overhead
In this section, we compare the probing overhead
of various protocol versions that use link-quality

metrics. Since under all metrics, probe packets are
sent periodically, we can estimate the total number
of bytes of the probe packets sent during the 400-s
duration of the simulation. ODMRP_ETX and
ODMRP_SPP send one 160-byte probe packet
every 5s, for a total of 80 packets per node.
ODMRP_PP and ODMRP_ETT send one small
160-byte probe packet and one large 1160-byte
packet every 10 s, for a total of 40 small and 40 large
packets per node. Since we have 50 nodes in the net-
work, the total number of bytes in the network from
probe  packets for ODMRP_ETX  and
ODMRP_SPP is 50 x 80 x 160 = 640,000 bytes and
for ODMRP PP and ODMRP_ETT s
50 x40 x (160 + 1160) = 2,640,000 bytes. Fig. 16
shows the percentage of bytes from probe packets
out of the total number of data bytes. We observe
that ODMRP_PP and ODMRP_ETT have about
4.5% higher probing overhead than ODMRP_ETX,
ODMRP_METX and ODMRP_SPP. This has two
implications. First, although ODMRP_ETX and
ODMRP_ETT have similar ways of estimating the
link loss rates, the latter will have lower throughput
values. Second, the overhead affects the relative end-
to-end delay which will be discussed in Section
5.2.3.

Note that although the number of bytes from
probe packets in ODMRP_ETX and ODMRP_
METX is the same as in ODMRP_SPP, the percent-
age overhead for ODMRP_SPP is slightly lower
than for ODMRP_ETX and ODMRP_METX.
The same observation can be made for
ODMRP _PP and ODMRP_ETT. This is because
ODMRP_SPP and ODMRP_PP achieve higher
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Fig. 16. Comparison of the probing overhead of different routing

metrics. ODMRP_PP, and ODMRP_ETT have much higher

probing overhead than ODMRP_ETX, ODMRP_ETX, and

ODMRP_SPP.
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throughput than ODMRP_ETX, ODMRP_METX,
and ODMRP_ETT. Higher throughput implies
more bytes of data packets are transmitted through-
out the network, and hence the lower percentage of
bytes from probing packets.

There is a tradeoff between the probing overhead
and the throughput achieved. Higher probing rate
implies more recent information about the network
condition and hence more informed decision mak-
ing. However, probing itself can be a source of inter-
ference to the data traffic and cause loss in
throughput. Thus choosing the correct probing rate
is crucial. To underline the importance of choosing
the probing rate carefully, in Fig. 17 we show the
throughput gains for all versions using link-quality
metrics when the probing rate is increased by five
times. Compared to Fig. 11, we see that the
throughputs of all the metrics drop by about 2—
3%. We also conducted simulations with a probing
rate 10 times lower (the results are not shown due
to page limitation), and found the throughput gains
are improved by around 3%. These results suggest
that the probing rate indeed affects the throughput
gains achieved. Finding an optimal probing rate is
part of our future work. These results also indicate
that high overhead metrics such as PP and ETT are
more sensitive to the probing rate than ETX,
METX, or SPP as these metrics incur much higher
probing overhead than the others.

5.2.3. Delay

Besides throughput and probing overhead, end-
to-end delay is another aspect that we considered
in our simulation results. We measured the normal-
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Fig. 17. Throughput comparison of different routing metrics
using ODMRP under high load with high probing rate. The high
overhead metrics, namely ETT and PP, suffer due to increase in
probing rate. The rest of the low probing overhead metrics
perform similarly.

ized average end-to-end delay for ODMRP under
each of the metrics with respect to ODMRP. The
results, shown in Fig. 18, show that in most cases,
ODMRP_SPP and ODMRP_ETX achieve lower
end-to-end delays than the rest ODMRP versions.
This is because ODMRP_SPP and ODMRP_ETX
have very low probing overhead which reduces the
delay at each hop, because each node faces less con-
tention for the channel. This is also the reason why
ODMRP_ETX and ODMRP_SPP achieve lower
delay than ODMRP_ETT despite that ETT takes
into account delay (the available bandwidth incor-
porates delay information). Due to similar reasons,
ODMRP_PP is also outperformed by ODMR-
P_ETX and ODMRP_SPP, in terms of delay.
Besides lower probing overhead, smaller end-to-
end delay is another advantage that ODMRP_SPP
has over ODMRP_PP.

5.3. Impact of multiple sources

In the previous section, each group has one
source. Owing to the way the ODMRP builds the
routing structure, one source per group gives a tree
structure. When there are multiples sources per
group, a mesh structure is formed, as ODMRP cre-
ates forwarding group members per group and not
per source. As a result, a node that is made a for-
warder as consequence of a JOIN QUERY sent by one
source may also act as a forwarder for the packets
from some other source. This creates path redun-
dancy in data delivery in a mesh structure. In this
section, we investigate the interactions between the
path redundancy in a mesh structure and the vari-
ous routing metrics. The scenarios used are the same
as in Section 5.1, except one difference: instead of
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Fig. 18. Delay comparison of different routing metrics.
ODMRP_PP and ODMRP_ETT have the highest delay.
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having two multicast groups with one source each,
a single multicast group with two sources is
simulated.

Fig. 19 shows the relative throughput perfor-
mance of each routing metric under the low traffic
load. ODMRP_SPP, ODMRP_PP, ODMRP_
METX, ODMRP_ETX, ODMRP_ETT outper-
form ODMRP by 12%, 11.5%, 8%, 8% and 7%,
respectively. However, compared to the single
source per group case depicted in Fig. 10, the rela-
tive throughput gain is reduced by around 15% for
the different metrics.

To investigate the reasons for such a reduction in
throughput gain under a mesh structure, we mea-
sured the number of forwarding nodes (FGs) in the
network with different numbers of sources per
group. Fig. 20 shows that the number of FGs
increases monotonically with the number of sources
per group, using the original ODMRP as the routing
protocol. Fig. 21 shows that a higher redundancy in
data delivery obtained from the increased number of
FGs leads to an improved PDR. In this case, the ori-
ginal ODMRP’s inability to choose high-throughput
paths is compensated by the increased redundancy
of data delivery paths. The improved PDR from
the increased path redundancy reduces the window
of opportunity for throughput improvement from
using high-throughput routing metrics. This
explains why the percentage gain of high-throughput
metrics diminishes as the number of sources
increases from one (Fig. 10) to two (Fig. 19).

We note that previously [29,10,23], mesh-based
and tree-based protocols have been compared in
mobile ad hoc networks and it was shown that
under mobility the former outperforms the latter
as the availability of alternative paths provides
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Fig. 19. Normalized throughput for different high-throughput
metrics under different scenarios with two sources per group
under low load.
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Fig. 20. The average number of forwarding nodes in the network
normalized under ten different scenarios with different number of
sources when original ODMRP is used. All the values are
normalized with respect to the case with only one source per
group.
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Fig. 21. The packet delivery ratio (PDR) of ODMRP with
different number of sources per group. As the number of sources
increases, the PDR increases due to increased path redundancy.
At a very large number of nodes, PDR drops because of a too
high load that causes packet drops due to collision and
congestion.

robustness to mobility. In this paper we show the
throughput advantage of mesh-based protocols
exists even without mobility as the path redundancy
also provides robustness to loss characteristics of
wireless links.

Finally, compared to Figs. 11 and 22 shows that
a reduction of throughput improvement happens
also under the high load when the number of
sources is increased from one to two per group for
the same reasons discussed above.

To summarize, high-throughput link-quality
metrics can not give much gain in case there is a
lot of path redundancy in the network because such
a network already achieves a high PDR and hence
the scope for improvement is small. However, this
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Fig. 22. Normalized throughput for different high-throughput
metrics under different scenarios with two sources per group
under high load. ODMRP_SPP, ODMRP_PP, ODMRP -
METX, ODMRP_ETX, ODMRP_ETT outperforms ODMRP
only by a small margin of around 5%.

does not undermine the importance of high-
throughput metrics for several reasons. First, such
metrics continue to be effective in multicast proto-
cols that are tree-based such as MAODYV [38]. Sec-
ond, when the network is large and the number of
sources is comparatively small, i.e., the number of
sources per group may not be high enough to create
enough path redundancy, high-throughput metrics
can still significantly improve the throughput.
Third, higher path redundancy may lead to more
and sometimes unnecessary data traffic in the
network.

6. Testbed experiments

To verify the effectiveness of the high-throughput
link-quality metrics for multicast observed in our
simulation study, we performed experiments on an
8-node wireless mesh network testbed. Specifically,

we evaluated the performance of ODMRP using
all the different routing metrics in comparison to
the original ODMRP using a real implementation
on this testbed.

6.1. Setup

Our testbed consists of eight wireless mesh rou-
ters (small form factor desktops) with Intel Pentium
4 processors spread out over a typical academic
building floor of length 240 feet and width 86 feet,
approximately. Each mesh router is equipped with
a single Atheros 5212 802.11b wireless card. Each
radio is attached to a 2 dBi rubber duck omnidirec-
tional antenna with a low loss pigtail to provide
flexibility in antenna placement. Each mesh router
runs Linux kernel 2.4.20-8 and the open-source /0s-
tap drivers are used to enable the wireless cards. The
IP addresses are statically assigned. The wireless
cards we use can support a wide range of power set-
tings (0-18 dbm). We used them in their default
operational mode.

The nodes are statically placed in the offices on
the second floor of an office building on the Purdue
campus, as shown in Fig. 23. The testbed deploy-
ment environment is not wireless friendly, having
floor-to-ceiling office walls instead of cubicles, as
well as some laboratories with structures that limit
the propagation of wireless signals. Apart from
structural impediments, interference exists in our
deployment from other 802.11b networks.

6.2. Protocol implementation

We implemented our own version of the original
ODMRP and enhanced it with the different

Fig. 23. The floor map of our eight-node mesh network testbed deployed in an office building. The lines show the links with connectivities
in the network. Solid lines denote low-loss links and dashed ones denote lossy links.
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link-quality metrics. We were unable to obtain the
only known implementation of ODMRP [3]. In
addition, the previous implementation has been
developed for a much older Linux kernel (v2.0)
and would have incurred portability issues in our
testbed. Different from the implementation in [3],
we chose to implement ODMRP as an application
layer daemon odmrpd for ease of debugging, deploy-
ment and use. Similar to our approach, many uni-
cast protocols are currently being developed or
have been developed [30,7,34] as user-level daemons
with loadable kernel modules for packet capturing
and routing. Our implementation is based on the
ODMRP specification in [27].

Fig. 24 shows the functioning of the odmrpd.
odmrpd captures IP packets with multicast addresses
using the Linux NetFilter mechanism and uses these
addresses as group IDs. It then uses UDP broadcast
to propagate each JOIN QUERY packet through out
the network. JOIN REPLY packets are similarly propa-
gated using UDP broadcast. Once the forwarding
group for a multicast group is formed, each data
packet for that multicast group is propagated via
the corresponding forwarding group by the odmrpd
at each hop. Each node that wishes to receive pack-
ets for a multicast group opens a socket to receive
data on the multicast address for that multicast
group. The odmrpd at each node can deliver data
packets for all multicast addresses to the applica-
tions running on the node.

6.3. Results

Fig. 23 shows the links with connectivities in our
testbed. Note that in this case, the link quality and
the link distances do not directly correspond. The
link quality mainly depends on the obstacles pres-
ent, such as walls and metallic objects. In order to

ODMRP
APPLICATION DAEMON
l:acket Broadcast
Capture
=
1
.
TCP/IP Stack NETFILTER

KERNEL

Fig. 24. The architecture of our odmrpd implementation. The
multicast packets from and to the application are intercepted by
odmrpd using the NetFilter mechanism.

get an estimate of the link quality, we transferred
a series of ping messages between each pair of
nodes. The number of packets lost during the ping
exchange gave us an idea of the quality of the link.
Based on the results obtained using ping messages,
we qualitatively classify each of the links as low-loss
or lossy. The dashed lines show the links which are
lossy and the solid lines show links that have low or
almost no loss. The pair of nodes between which
there are no lines are not able to communicate with
each other. We do not show any numerical values of
loss rates of the links because these values change
fairly quickly.

We performed our multicast experiments with
two multicast groups, each having one source and
two receivers. The first multicast group had node
2 as the source and nodes 3 and 5 as the receivers,
and the second group had node 4 as the source
and nodes | and 7 as the receivers. The rest of the
nodes acted only as forwarding nodes. Each source
sent CBR traffic at a rate of 20 packets/s, each of
size 512 bytes. The experiments were run for 400 s.
The same experiment was run five times to make
the results resilient to random changes in the
environment.

Fig. 25 shows the throughput obtained by all the
metrics normalized with respect to the throughput
obtained by the original ODMRP, averaged over
all receivers. ODMRP_SPP, ODMRP_METX,
ODMRP_ETX, and ODMRP_ETT achieve gains
of around 14%, 7.5%, 8% and 7%, respectively.
Somewhat surprisingly, ODMRP_PP achieves on
average a 17.5% gain, 3.5% higher than that of
ODMRP_SPP. Such a gain is not seen in simula-
tions because of the following reason. Figs. 12 and
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Fig. 25. Throughput performance of different routing metrics on
a real-mesh testbed. ODMRP using any link-quality metric
outperforms ODMRP by significant margins.
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14 show that if the loss rate of any one of the links
constituting a path is high, PP can cause the cost of
a path to blow up exponentially, but for moderately
low loss rates, the cost stabilizes to a constant value.
In the testbed scenario, all the dashed links have loss
rates in the range of 40-60%, which are higher than
seen in the simulations. Consequently, PP causes the
cost of paths using such links to go up very fast and
once the cost explodes, any path containing such
links is never chosen in the future. On the other
hand, SPP, ETX, ETT and METX penalize such
links during some of the route request phases. How-
ever, when such links become relatively less lossy
due to random temporal variations, those metrics
are misled into choosing them and consequently suf-
fer throughput losses.

Independent of the above observations, the rea-
son that ODMRP_PP, ODMRP_SPP, ODMRP_
METX, ODMRP_ETX and ODMRP_ETT achieve
throughput gains over ODMRP (though with vary-
ing amounts) can be explained by the difference
between the multicast trees constructed by ODMRP
and ODMRP using the various routing metrics. We
use ODMRP_PP as an example for further illustra-
tion. Fig. 26 shows the paths taken by ODMRP ver-
sus those by ODMRP_PP. The solid and dashed
arrows denote the heavily used Ilinks for
ODMRP_PP and ODMRP, respectively. For the
sake of clarity, we removed the floor map from
the background and kept only the node positions
in the figure. First we discuss about the paths to
receivers 5 and 7. ODMRP chooses the one-hop
path from node 2 to 5 which is lossy (see Fig. 23).
Similarly, node 4 chooses a one-hop path to 7 which
is lossy. In contrast, ODMRP_PP is able to avoid
the lossy links, and chooses relatively longer but
higher-throughput paths. For example, node 2

— Tree Edges in ODMRP_PP -=---=- Tree Edges in ODMRP

Fig. 26. The trees constructed by ODMRP and ODMRP_SPP.
The dashed circles denote nodes that do not belong to any group.
The solid and concentric circles denote nodes of two different
multicast groups.

reaches 5 along a two-hop path, via 10. Similarly,
node 4 reaches 7 along a two-hop path, via 9. For
receivers 1 and 3, sources 2 and 4 have more than
one paths. Node 2 can reach 3 via 7 or 1; similarly,
node 4 can reach 1 via 10 and 2, or 7 and 2, or 7 and
3, or 9 and 3. But ODMRP can not distinguish
between the various alternative paths and often
chooses the lossy path containing the link from 1
to 3, or4to 7, or 9 to 3. ODMRP_PP is again able
to figure out the lossy links and avoid them.

7. Related work

There is a large body of work comparing the per-
formance of various ad hoc routing protocols (for
example, [5,9,20]). Most of these protocols (for
example, [35,36,21]) assume minimum-hop-count
as the routing metric and focus on scenarios that
involve significant node mobility.

The numerous link-quality metrics that have
been proposed for unicast routing in stationary
mesh networks have already been discussed in Sec-
tion 2. Several works have compared the relative
performance gain in using these metrics. In [8], the
authors propose the expected transmission count
metric (ETX) and illustrate the reasons of poor per-
formance of the minimum-hop-count metric. They
also modify DSR and DSDYV to incorporate ETX.
Measurements on a static wireless testbed using
the modified versions of DSR and DSDYV show that
ETX achieves throughput improvement by a factor
of two or more over the traditional minimum-hop-
count metric. In [12], the authors conduct an
evaluation of the performance of three link-quality
metrics — ETX, per-hop RTT, and per-hop packet
pair — and compare them against the minimum-
hop-count metric. They implemented a modified
version of DSR as a loadable Windows driver to
conduct experiments on an ad hoc wireless testbed.
The measurements indicate that ETX metric has the
best throughput performance when the nodes are
static. RTT and Packet Pair perform poorly because
they suffer from self-interference. Interestingly how-
ever, the hop-count metric outperforms all of the
link-quality metrics in a mobile scenario as it can
react quickly to fast topology changes. In [13], the
authors propose Weighted Cumulative Expected
Transmission Time metric (WCETT), and based
on experiments on a static wireless testbed show
that WCETT significantly outperforms ETX and
shortest-hop metric by efficiently using multiple
radios tuned to non-overlapping channels. Finally,
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in [4,11], the authors propose algorithms and rout-
ing metrics to find minimum-energy paths. They
consider the case when there is no reliability at the
link layer as well as the case when there is partial
reliability at the link layer. The former case is
related to this paper as most of the multicast proto-
cols use unreliable broadcast at the link layer. They
show via simulations that considering the lossy
behavior of wireless links and the retransmissions
done at the link layer gives 30-70% energy gains
over existing energy-efficient routing schemes. In
[24], an energy-efficient routing scheme is proposed
that takes into account the interference created by
existing flows in the network. The authors prove
that under certain circumstances their algorithm is
asymptotically optimal in time in terms of minimiz-
ing the average energy consumption. In [2], a high-
throughput metric median time metric (MTM) for
route selection under multiple data rates was pro-
posed. Simulation studies show that MTM can
achieve a throughput gain of 20-60% depending
on the network density. Finally, in [15], the authors
advocate the use of an energy-efficient routing met-
ric that is based on the geometric mean, as opposed
to the arithmetic mean, of the residual energies of
the individual nodes constituting a path. They also
propose a method similar to ours to incorporate this
metric in a routing protocol, with the difference
being that intermediate nodes forward a query only
after some query aggregation interval, and they
derive the optimal query aggregation interval for
each intermediate node for a simple linear network.

In addition to ODMRP, a large number of mul-
ticast protocols have been designed to efficiently
maintain a distributed multicast routing structure
in dynamically changing topologies in MANETSs.
These include traditional tree- or mesh-based proto-
cols such as MAODYV [38], ADMR [18], ODMRP
[26], CAMP [32], overlay-based protocols such as
AMRoute [43], PAST-DM [16], and back-bone-
based and hybrid protocols such as MCEDAR
[39] and PUMA [40], and more recent stateless pro-
tocols such as DDM [19], HDDM [17], and RDG
[31].

There is a significant amount of work comparing
the performance of various multicast protocols for
ad hoc networks (for example, [29,10,23,41]). As is
the case for unicast, most of these protocols also fol-
low minimum-hop-count as the routing metric and
focus on scenarios with high mobility. Studies show
that in such scenarios the mesh-based protocols out-
perform tree-based protocols, specifically under

high mobility. This is because in mesh-based proto-
cols the availability of alternative paths provides
robustness to mobility. However, mesh-based pro-
tocols suffer from high overhead that causes degra-
dation in performance under high load. Moreover,
such protocols do not scale as the group size
increases. Among all these protocols, ODMRP has
been shown to be effective in most cases, although
its overhead rapidly increases as the number of
senders increases. Stateless protocols alleviate the
problem of maintaining the distributed delivery tree
or mesh but they assume that the underlying routing
layer will take care of forwarding the packets to the
correct destinations. Moreover, they are efficient
only for small group multicast. Despite the abun-
dance of work on designing multicast routing proto-
cols, there has been no study of high-throughput
link-quality-based routing metrics for the tree or
mesh construction in such protocols.

To the best of our knowledge, our work is the
first to study the impact of different link-quality
routing metrics on the performance of multicast
routing protocols. In this paper, we have chosen
ODMRP as a representative multicast protocol in
our study of link-quality metrics. We expect most
of the findings to be applicable to any other broad-
cast-based multicast protocol.

8. Conclusions and future work

In this paper, we have studied the link-quality
routing metrics for high-throughput multicast in
mesh networks. We first discussed the fundamental
difference between unicast and multicast routing in
how data packets are transmitted at the link layer,
and then showed accordingly how to adapt routing
metrics for unicast routing to be used in multicast
routing. We studied the performance of different
metrics via extensive simulation and experiments
on a mesh network testbed, using ODMRP as a rep-
resentative multicast protocol.

Our studies have shown that ODMRP equipped
with any of the link-quality-based routing metrics
can achieve higher throughput than the original
ODMRP. We also found that heavily penalizing
lossy links is an effective way to avoid low-through-
put paths and SPP and PP achieve the highest
throughput performance because of their aggressive
manner of penalizing lossy links. Moreover, SPP
has much less overhead than PP, which reduces
the end-to-end delay. We have also observed a
tradeoff between throughput gains achieved and
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the probing overhead incurred, i.e., higher probing
rate gives more recent information about the net-
work but also causes interference for data packets.
As our future work, we plan to investigate the opti-
mal probing rate required. We also showed how
path redundancy due to mesh creation provides
another degree of resilience to lossy links and
reduces the throughput improvement from using
high-throughput link-quality metrics. Finally, our
experimental results on an eight-node mesh network
testbed validate the results obtained in the simula-
tion study.

In this paper, we have considered a mesh net-
work equipped with single-radio nodes transmitting
on a single-channel at a fixed rate. There have been
several efforts on improving the throughput of mesh
networks [37,14,25] using multiple radios that utilize
multiple channels (available in the IEEE 802.11a/b/
g standards) to separate the contending transmis-
sions in the frequency domain. In our future work,
we plan to extend the high-throughput link-quality
metrics studied in this paper for multicast routing
in multiple-radio/multiple-channel mesh networks.
We also plan to significantly expand our testbed
which will give more diversity in the network
topologies.
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