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Abstract

A Mobile Ad hoc NETwork (MANET) is a collection of
wireless mobile computers forming a temporary network
without any existing wire line infrastructure. Due to the
dynamic nature of the network topology and the resource
constraints, routing in MANETSs is a challenging task. Mul-
tipath routing can increase end-to-end throughput and pro-
vide load balancing in wired networks. However, its ad-
vantage is not obvious in MANETs because the traffic along
the multiple paths may interfere with each other. In addi-
tion, without accurate knowledge of topology, finding mul-
tiple disjoint paths is difficult. In this paper, we propose an
on-demand method to efficiently search for multiple node-
disjoint paths and present the criteria for selecting the mul-
tiple paths. We also perform a simulation study on the pro-
posed method. The purpose of this paper is to present the
advantages as well as some difficulties of deploying multi-
path routing in MANETS.

1. Introduction

A Mobile Ad hoc NETwork (MANET) is formed by a
collection of mobile computers and does not rely on fixed
based stations or a wired backbone infrastructure. Messages
in MANETSs may be forwarded through multiple hops due
to the limitation of radio transmission range in every mobile
computer. Finding paths, or routing, is an essential mecha-
nism to support multiple-hop radio transmissions. However,
node mobility and limited communication resources make
routing in MANETs very difficult. Mobility causes frequent
topology changes and may break existing paths. A rout-
ing protocol should quickly adapt to the topology changes
and efficiently search for new paths. On the other hand, the
limited power and bandwidth resources in MANETS make
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quick adaptation very challenging. More importantly, re-
source constraints in MANETS require a routing protocol to
fairly distribute routing tasks among the mobile hosts. How-
ever, most proposed routing protocols for MANETS [1, 4]
do not take fairness into account. They tend to have a heavy
burden on the hosts along the shortest path from a source to
a destination. As a result, heavily loaded hosts may deplete
power energy quickly, which will lead to network partitions
and failure of application sessions.

Multipath routing aims to establish multiple paths be-
tween source-destination pairs and thus requires more hosts
to be responsible for the routing tasks. Although a lot of
benefits have been explored for multipath routing in wired
networks [5, 6, 7], the advantage of multipath routing is
not obvious in MANETS because the traffic along differ-
ent paths may interfere with each other due to the broadcast
feature of radio transmission. Some protocols in MANETS,
such as the Dynamic Source Routing (DSR) [1] and the
Temporally Ordered Routing Algorithm (TORA) [4], use
multiple paths. However, the multiple paths are utilized as
a backup or auxiliary method in these protocols. In order
to explore the benefits of multipath routing in MANETs,
how to efficiently search for multiple paths, how to choose
proper multiple paths, and how to use them deserve further
study.

In [2], A. Nasipuri and S. R. Das prove that the use of
multiple paths in DSR can keep correct end-to-end trans-
mission for a longer time than a single path. In other words,
the frequency of searching for new routes is much lower if
a node keeps multiple paths to a destination. This is the first
deep study on performance benefits of multipath routing in
MANETs. However, they did not study the performance
improvement of multipath routing on network load balanc-
ing. Their performance study is based on theoretical anal-
ysis, where it is difficult to take into account the influence
of nodes’ arbitrary movements and unreliable radio trans-
mission. M. R. Perlman et al. demonstrate that multipath
routing can balance network loads in [3]. They proposed a
diversity injection method to find more node-disjoint paths
compared to DSR. However, their work is based on multiple



channel networks, which are contention free but may not be
available in some application scenarios. In [9], we proposed
a different method to search for node-disjoint paths, which
could find more node-disjoint paths than the diversity injec-
tion method. However, the bandwidth cost for the control
overhead is large, which may limit the benefits of deploying
the multipath routing method in MANETSs.

There are mainly two routing strategies in MANETSs:
proactive and reactive routing approaches. Proactive rout-
ing protocols try to maintain the routes to all possible desti-
nations, regardless of whether or not they are needed. This
category of routing protocols must periodically send con-
trol messages in order to maintain correct route informa-
tion. They are also called table-driven protocols. Each node
in these protocols usually has the whole or partial topology
information. In contrast, reactive routing methods, which
are also called on-demand methods, initiate the route dis-
covery on demand of data traffic. Routes are only needed to
those desired destinations. This routing approach can dra-
matically reduce the routing overhead when the network is
relatively static and the active traffic is light. In this method,
each node has little or no topology information. Without
complete and accurate knowledge of the topology, how to
efficiently find node-disjoint or edge-disjoint multiple paths
is difficult. All problems discussed in this paper are based
on the reactive, or on-demand, routing approach.

In this paper, we propose an on-demand approach with
low control overhead to search for multiple node-disjoint
paths. We also perform a simulation study on the proposed
multipath routing method. The motivation of this paper is
to explore the benefits and present the difficulties of deploy-
ing on-demand multipath routing in a shared channel wire-
less mobile network. The rest of the paper is organized as
follows. In Section 2, we discuss the interference of the
data traffic along different paths and its influence on the
performance of multipath routing in MANETSs. Section 3
introduces a multipath calculation algorithm based on an
on-demand routing method. Section 4 describes the simula-
tion model. We present our performance results in Section
5, and conclude the paper in Section 6.

2. Multiple Path Selection Criteria

If we assume all mobile hosts’ radio transmission ranges
are the same, then a MANET could be modeled as an undi-
rected graph G = (V, E), where V is a set of |V| nodes and
E is a set of |E| undirected links connecting nodes in V.
Each node has a unique identifier and represents a mobile
host with a wireless communication range of R. There is an
undirected link (i, j) connecting two nodes i and j when the
two nodes are within each other’s transmission range.

In [9], we define a metric, correlation factor, to describe
the interference of traffic between two node-disjoint paths.
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The correlation factor (n) of two node-disjoint paths is de-
fined as the number of the links connecting the two paths.
If there is no link (n=0) between two node-disjoint paths,
we say the two node-disjoint paths are unrelated. Other-
wise, the two node-disjoint paths are 7-related. For exam-
ple, in Fig. 1(a), two node-disjoint paths, S—a—b—c—D
and S—d—e—f—D, are unrelated. But in Fig. 1(b), the
two node-disjoint paths are 7-related. The total correlation
factor of a set of multiple paths is defined as the sum of the
correlation factor of each pair of paths. The correlation fac-
tor represents chances that the transmission along the differ-
ent paths could interfere with each other in a shared channel
model, in which all hosts use the same radio spectrum and
compete for the radio channel. For example, in Fig. 1(b),
if S is sending messages to a, then node d could not send
messages to node e since both transmissions will collide at
node a.

Through simulation, we demonstrate in [9] that in a static
MANET with a shared channel radio model, the larger the
correlation factor between two paths, the larger the average
end-to-end delay for both paths. In addition, with the in-
crease of the correlation factor, the difference between the
average end-to-end delay along the two paths also increases
even if the two paths have the same length and the same
traffic load. When mobility is introduced, the initial se-
lection of multiple paths with different correlation factors
can influence the end-to-end delay when the mobile speed
is low. However, with mobility, the initial selection of mul-
tiple paths with different correlation factors does not infiu-
ence the routing performance in terms of control overhead,
bandwidth cost for data transmission, and load balancing.
We also demonstrate that if two paths are only edge-disjoint,
good performance can not be guaranteed [9].

(a}

(b
Figure 1. Different initial topologies

Our path selection criteria in MANETS include three
properties: node-disjoint, small length difference between
the primary (shortest) path and the aiternative paths, and
small correlation factor between any two of the multiple
paths. Node-disjoint is the first standard to select multi-



ple paths and how to search for multiple node-disjoint paths
is one of the main concerns in this paper. A longer path
will waste more bandwidth and increase the end-to-end de-
lay. Multipath routing, however, may inevitably use longer
paths since several shortest node-disjoint paths may not ex-
ist. The length difference between the shortest path and
the alternative paths needs more buffer space in the desti-
nation to handle the disordered data packets and more time
for message delivery. Thus, we should take the influence of
different path length into account when selecting multiple
node-disjoint paths. The third criterion is utilized because
we have found that the initial selection of multiple path with
small correlation factor can benefit the performance of end-
to-end delay when mobile speed is not too fast {9].

3. Multipath Routing in MANETS

Finding node-disjoint multiple paths is not an easy task
when the topology is unknown. The Dynamic Source Rout-
ing (DSR) [1] protocol finds multiple paths and uses the
multiple paths as backup routes in case the used one breaks.
However, it does not take the property of node-disjoint or
edge-disjoint into account. We introduce our approach to
find node-disjoint multiple paths and discuss how we use
the multiple paths in this section.

3.1. Route Discovery in DSR

In DSR, if a source node does not know a route to a
destination, it will initiate a route discovery by flooding a
Route REQuest (RREQ) message. The RREQ message car-
ries the sequence of hops it passed through in the message
header. When a node receives a RREQ, if it is the first time
for the node to receive this RREQ message, then this node
will broadcast it again. Otherwise, the node will drop this
RREQ packet. Once a RREQ message reaches the desti-
nation node, the destination node will reply with a Route
REPly (RREP) packet to the source, using the reverse path
contained in the RREQ packet. When the RREP packet tra-
verses backward to the source, the source and all traversed
nodes will know a route to the destination.

The method of broadcasting RREQ in DSR greatly re-
duces the possibility of finding multiple node-disjoint paths,
because it quenches the diversity of the multiple paths. That
is, the obtained multiple paths usually have some common
nodes. In our simulation, using this method, the chance of
finding node-disjoint multiple paths is almost zero. The rea-
son is that later-received RREQ packets, which may include
node-disjoint paths, are dropped at internal nodes. For ex-
ample, in Fig. 1(b), if S broadcasts a RREQ, node a and d
will receive and re-broadcast it. Assume node d transmits
a little bit ahead of node a. Node b and e will receive the
RREQ packet from node d and drop the later RREQ packet
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from node a. Finally, the destination D will just receive two
paths having a common node, d.

3.2. Our Multipath Calculation Method

Definition 1 A path P between node v; and node v, is
an ordered sequence of distinct nodes <vy, ..., v,> such
that (v;—j, v;) is a link for all 2 < i < n. Node v; is called
an internal node if 1 < i < n. If no path exists between node
v; and node v,, then node v; and node v,, are partitioned.

Definition 2 A spanning tree rooted at node S (S € V) in
a graph G= <V, E> is a subgraph of G, which is a tree with
root S and includes all nodes in V. A subtree of a spanning
tree is called a primary subtree if this subtree’s root’s direct
father is the root of the spanning tree. The primary subtree
nodes in a spanning tree with root S is a set of nodes whose
direct father is node S in the spanning tree.

Remark 1 Using the route discovery method in DSR,
if two paths P; = <S, v;, ..., vu, D> and Py = <S8, uy,
..., Um, D> received by node D have k (k < m and k < n)
common nodes excluding node S and D, thenv; =u;,ve =
Us, ...,and vp = ug.

proof: Assume the route discovery method of DSR is
used. Supposed to the contrary that two paths P; = <S§,
Vi, ..., Va,D>and Pe = <S, uy, ..., U,, D> received by
node D have k (k < m and k < n) common nodes (excluding
node S and D) but there is an i <k such that v; # u;. Then
there must be a j > k where v; = u;. Otherwise, the total
number of common nodes could be less than k. Thus, node j
will receive at least two RREQ packets: one was previously
transmitted from v, while the other was from u; However,
according to the message broadcast method in DSR, node j
will at least drop one of the packets because a node will not
broadcast the same RREQ message twice. Therefore, only
one path, either P; or Pg, could arrive at node D. Node D
can not receive both P; and Pg. This is a contradiction. o

From Remark 1, if the paths received by the destination
are not node-disjoint, then only the first several hops of the
paths are the same. So the union of all paths received by
the destination will be a part of a spanning tree rooted at the
source node if we do not consider the last hop of these paths.
This phenomenon provides us with useful information to
search for diverse multiple paths. Note that Remark 1 is
true for any node that is reachable from the source.

Remark 2 For a spanning tree rooted at node S, if node v
and node u belong to different primary subtrees and there is
adirect link between node v and u, then there are at least two
node-disjoint paths between node v (or node ) and node S.

proof: The proof is straightforward. Assume node v be-
longs to primary subtree B; and node u belongs to primary
subtree B,. Then one path is from node v (or u) to node S
along the tree links in By (or By). The other path is from
node v (or u) to node u (or v) and then to node S along the



tree links in By (or By). The two paths are node-disjoint
since node u and node v belong to different primary sub-
trees of the spanning tree. Note that two different primary
subtrees of a spanning tree have no common nodes. ¢

Our multipath calculation method uses Remark 1 and
Remark 2 as heuristic information to search for node-
disjoint paths. In our method, the broadcast method of
RREQ is very similar to DSR except that the later-received
RREQ packets are cached instead of dropped in the mid-
dle nodes. A RREP packet in our method includes a label
isRedirection to indicate whether the RREP packet should
be redirected when traversing back to the source node. Due
to Remark 1, to check whether two paths received by the
destination are node-disjoint, we only need see if their first
hops are the same. The first hops of the paths included in
the RREQ packets are also the primary subtree nodes in the
spanning tree rooted at the source node. When the destina-
tion node D receives a RREQ packet, if the path P included
in this RREQ packet is node-disjoint with all paths included
in previously received RREQ packets, then a RREP packet
is sent to node S, using the reverse path of P and the label
isRedirection is set to FALSE. Otherwise, a RREP packet is
sent back, using the reverse path of P and the label isRedi-
rection is set to TRUE.

When a middle node receives a RREP packet, it utilizes
the algorithm in Fig. 2 to check the next hop to forward
the RREP packet. The main idea here is to redirect those
RREP packets whose isRedirection label is TRUE. The rea-
son is that a RREP packet with isRedirection label of TRUE
includes a path having some common nodes with a previ-
ously sent RREP packet, which is labeled as beforeRrep for
the convenience of later description. The middle node then
checks if it has cached a path to the source node, which is
node-disjoint with the remaining hops included in the RREP
packet. Based on Remark 2, redirecting the RREP packet to
such a cached path will forward the RREP to a different pri-
mary subtree, where it is highly possible to find a path that
is node-disjoint with the path included in the beforeRrep.
Once the RREP packet is redirected, the label isRedirection
in this packet is set to FALSE. Since the algorithm still uses
source routing to forward the RREP, loops can be easily re-
moved and the RREP packet will finally arrive at the source
node.

In order to help the source nodes select good node-
disjoint paths, we combine the path selection criteria in Sec-
tion 2 with the above path calculation method as follows.
Every node has a neighborhood table to record its neigh-
bors. The contents of the neighborhood table are refreshed
by any received control and data messages. If a neighbor
has not been refreshed for a timeout value, it is obsolete and
erased from the table. When the reply message traverses
from the destination to the source node, it piggybacks the
neighborhood information along the path. The source node
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will calculate the path correlation factor using the neighbor-
hood information piggybacked in the reply message. Two
parameters, d, which indicates the permitted maximal dif-
ference of the length between the primary (shortest) path
and the alternate paths, and f, which is the permitted max-
imal total correlation factor among the selected multiple
paths, are used in the node-disjoint paths selection.

The worst case of the communication complexity of our
multipath searching method in terms of the number of mes-
sage transmissions is O(N+ M*W), where N is the total
number. of mobile hosts, M is number of paths received by
the destination which is less than or equal to the number
of the destination’s neighboring nodes, and W is the per-
mitted maximal path length limited by the Time-To-Live
(TTL) field in a packet. The first part, N, represents the
number of message transmissions for one global flooding.
The second part, M*W, is the maximal number of message
transmissions for all RREP packets traversing back to the
source node.

Note that our algorithm can not guarantee to find all
node-disjoint paths. However, as we will show below
through simulation, with the help of heuristic information,
our method can efficiently find most node-disjoint paths.
We compare the ability of finding multiple node-disjoint
paths using the diversity injection method [3], DSR, and our
method. The diversity injection method is proposed to in-
crease the number of node-disjoint multiple paths compared
to DSR. The broadcast of route requests in this method is
the same as in ours. When a route reply message is re-
ceived, the remaining path back to the source is replaced
with “the shortest of the least selected cached paths that
does not create a reply loop” [3]. The main difference be-
tween the diversity injection method and our approach is
that the diversity injection method uses a different criterion
for redirecting the RREP packets. As we will show below,
the diversity injection method may redirect the RREP pack-
ets in a way that reduces the number of node-disjoint multi-
ple paths found.

In the simulation model described in Section 4, we ran-
domly choose 200 source-destination pairs and calculate
the maximal number of node-disjoint paths between each
source-destination pair, using an off-line algorithm (maxi-
mal flow) with knowledge of the whole topology. In the
meantime, we separately use the diversity injection method,
DSR, and our method to search for node-disjoint paths. In
this experiment, we do not use the limits of maximal length
difference (d) and maximal correlation factor (f) since we
want to know the maximal number of node-disjoint paths
that can be found. Fig. 3 shows the result of the ratio of
the number of obtained node-disjoint paths using different
searching methods to the maximal number of node-disjoint
paths using the off-line algorithm. The result shows that our
method can find most node-disjoint paths and more than the



if (the label isRedirection is set1o FALSE in the RREP) or
{there are no cached RREQ packets) {

Return.

}

else(
reverse path included in the RREP};

if (S is not empty) {
repeat {

Return;}

)

searched )

}

Get S,= {all cached RREQ - S};
repear|

of them randomly;

Return.}
e¢lse Remove from the RREQ [rom Sy;

}

else Remove the RREQ from §;

Forward the RREP packet to the prior hop along the path included in the RREP packet;
Get S= {All cached RREQs that include paths whose first hop is different with the first hop of path P, where P is the

Get the cached RREQ with shortest route in S. If several cached routes in § have same shortest length,
then sclect one of them randomly;
Replace the remaining forward path back (o the source in the RREP packet with the path in the RREQ;
if (the new RREP does not include a loop) {

Forward the new RREP packet using the new path;

Sct the label isRedirection in the new RREP to FALSE;

until (all RREQ in S are checked or a proper RREQ in S, that can construct a new RREP without a loop, is
/* In the following case, S is empty or § does not include proper RREQ packets to satisfy the above requircment */

Search for a RREQ with shortest route in S,. If several cached routes have same shortest length, then select one

Replace the remaining forward path back to the source in the RREP packet with the path in the RREQ;
if (the new RREP doces not include a loop) {
Forward the new RREP packel using the new path;

until (a proper RREQ in S, that can construct a new RREP without a loop, is searched)
/* The proper RREQ should be in S, since S; includes a path, which is the same as the one in the RREP. */

Figure 2. The algorithm for forwarding the RREP packets

diversity injection method; while DSR has almost no chance
to find node-disjoint paths.
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Figure 3. Ratio of the number of obtained
node-disjoint paths to the number of maximal
node-disjoint paths

3.3. Multipath Routing

There are several ways to use the multiple paths. In [1]
and [2], the multiple paths are not used simultaneously. The
data packets are transmitted along one path. Other paths are
kept as backup paths in case the used one fails. When all
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possible paths are broken, a new multipath discovery pro-
cedure is promoted again.

Our approach of using the multiple paths is different. In
order to balance the network load, we use the multipath si-
multaneously as in dispersity routing [7], which disperses
the data traffic along different paths. Dispersity routing can
be divided into redundant and non-redundant routing. In re-
dundant dispersity routing, only part of the multiple paths
are used to transfer data, and the other remaining paths
are used to transfer redundant information such as error-
correcting codes. In contrast, in non-redundant dispersity
routing, all multiple paths are used to transmit data simulta-
neously. We use non-redundant dispersity routing. If a path
fails, an error message is sent back to the source node and
the traffic on that path will be transferred to other paths that
are still alive. When all paths are broken, a new multiple
path discovery is initiated again.

4. Simulation Model

We use a simulation model based on GloMoSim [8] to
study the performance of multipath and unipath routing.
The multipath routing includes our proposed method and
the diversity injection method. Both methods choose a path
to send data packets with a probability inversely propor-



tional to the length of the path. Note that we just use the
method of finding node-disjoint paths (diversity injection)
from [3]. The underlying radio channel model and the way
the multiple paths are used are different from what are used
in [3]. The unipath routing method studied here is a simpli-
fied DSR, which does not include the optimization such as
promiscuous learning of source route, leveraging the route
cache, and piggybacking on route discoveries, etc. [1]. The
reason to exclude these mechanisms in the simulation is that
our main focus is on the performance difference when dis-
patching the traffic along single versus multiple paths.

In our simulation, the channel capacity of mobile hosts
is set to the same value: 2 Mbps. A free space propagation
model with a threshold cutoff is used as the channel model.
In the free space model, the power of a signal attenuates
as 1/r2, where r is the distance between mobile hosts. In
the radio model, capture effects are taken into account. We
use the Distributed Coordination Function (DCF) of IEEE
802.11 for wireless LANs as the MAC layer protocol. It
has the functionality to notify the network layer about link
failures. The power consumption calculation is based on
the NCR WaveLan [10] model. The power consumption in
doze, receive, transmit mode is around 50mw, 900mw, and
1425mw respectively. We assume that a mobile host will be
in doze mode immediately after transmitting or receiving
a packet and can be revoked immediately before transmit-
ting or receiving a packet. Note that a mobile host should
passively receive any heard packets even if they are not for
the mobile host. It is the network layer that decides how to
process the packets.

In our simulation, 50 mobile nodes move in a 1500 meter
x 500 meter rectangular region for 900 seconds simulation
time. Compared with a square region, the rectangular re-
gion can enlarge the average route length so that we can eas-
ily observe the performance difference between unipath and
multipath routing. Initial locations of the nodes are obtained
using a uniform distribution. We assume each node moves
independently with the same average speed. All nodes have
the same transmission range of 250 meters. The mobil-
ity model is the random waypoint model. In this mobility
model, a node randomly selects a destination from the phys-
ical terrain. It moves in the direction of the destination in
a speed uniformly chosen between the minimal speed and
maximal speed. After it reaches its destination, the node
stays there for a pause time and then moves again. In our
simulation, the minimal speed is 5 m/s and maximal speed
is 10 m/s. We change the pause time from 0 seconds to 900
seconds to investigate the performance influence of differ-
ent mobility. A pause time of 0 seconds presents continuous
motion, and a pause time of 900 seconds corresponds to no
motion.

The simulated traffic is Constant Bit Rate (CBR). 15
source nodes and 15 destination nodes were chosen ran-
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domly with uniform probabilities. The interval time to send
packets is 250ms. The size of all data packets is set to 512
bytes. A packet is dropped when no acknowledgement is
received after several retransmissions or there is no buffer
to hold the packet. The buffer size is set to 64 packets.
The maximal total correlation factor is set to 15. The maxi-
mal number of multiple paths is 4. The maximal difference
of the length between the shortest path and the alternative
paths is 3. And the maximal path length is 9. All traffic is
generated and the statistical data are collected after a warm-
up time of 30 seconds in order to give the nodes sufficient
time to finish the initialization process. For each scenario,
eight runs with different random seeds were conducted and
the results were averaged. When calculating the confidence
intervals, the confidence levels are set to 95%.

5. Simulation Results
5.1. Performance Metrics

We will compare the performance of unipath routing and
multipath routing under different mobility. We evaluate the
performance according to the following metrics:

o Control overhead: The control overhead is defined as
the total number of routing control packets normalized
by the total number of received data packets.

Bandwidth cost for data: The bandwidth cost for data
1s defined as the total number of data packets transmit-
ted at all mobile hosts normalized by the total number
of received data packets.

Average end-to-end delay: The end-to-end-delay is av-
eraged over all surviving data packets from the sources
to the destinations. It includes queuing delay and prop-
agation delay.

Load balancing: We use a graph G=(V, E) to denote
the network, where V is the node set and E is the link
set. We define a state function f : V — I where [ is
the set of positive integers. f(v) represents the number
of data packets forwarded at node v. Let CoV (f) =
standard variance of f / mean of f. We use CoV (f) as a
metric to evaluate the load balancing. The smaller the
CoV (f), the better the load balancing.

Energy balancing: As above, we use CoV(g) to eval-
uate the energy balancing, where g(v) represents the
energy consumption at each node. The energy con-
sumption in a node is calculated as the sum of T; *
P; (i=0, 1, 2), where T; represents the time spent in
the three different modes (doze, receive, and transmit
mode) and P; represents the power consumption in the
corresponding modes.



e Average energy consumption: The energy consump-
tion is averaged over all nodes in the network.

5.2. The Performance Comparison of Multipath
Routing with Unipath Routing

Fig. 4 shows the result of total number of route discovery
phases versus the mobility. The frequency of route discov-
ery for multipath routing is less than for the unipath rout-
ing. This result is coincident with the theoretical analysis
in [2]. The frequency of route discoveries for our multi-
path routing is less than the diversity injection method since
our method could find more node-disjoint paths as shown
in Fig. 3. Since every route discovery needs approximately
the same control overhead in our multipath method, the di-
versity injection method, and the unipath routing method,
the reduction of route discovery frequency will reduce the
total control overhead. Fig. 5 shows that the control over-
head for our multipath routing is the lowest among the three
approaches. This is an important improvement over our
method in [9].

Although the trend of the total control overhead in-
creases with increased mobility, we observe that the curves
in Fig. 5 are not strictly “smooth”. This is because the
connectivity of the network is different at different speeds.
As the average speed is increased, for a given simulation
time, the number of simulated nodes’ movements increases.
Thus, although the simulated mobile model is the same, a
particular network configuration, such as the occurrence of
partitions, that may not have occurred at a lower speed could
occur at the higher speed. This phenomenon could be ob-
served in [11, 12] as well. A network partition is a tem-
porary state when a network node has no way of reaching
another network node. This is likely the main reason for the
non-monotonic curves in Fig. 5 and later figures.
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Figure 4. The number of route discovery

Fig. 6 shows the result of total bandwidth cost for data
transmission. The bandwidth cost of data transmission for
the unipath routing tends to be the smallest. This is be-
cause the unipath routing usually uses the optimal path from
a source to a destination. The alternate paths in multipath
routing are usually sub-optimal, which will cost more band-
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Figure 5. The normalized control overhead

width. An interesting phenomenon is that the bandwidth
cost for data transmission in the diversity injection method
tends to be larger than our method at low speed. However,
the variability in the results may indicate that these differ-
ences are not significant.

Fig. 7 shows the results of average end-to-end delay. The
end-to-end delay includes the queuing delay in every host
and the propagation delay from the source to the destina-
tion. Multipath routing will reduce the queuing delay be-
cause the traffic is distributed along different paths. On the
other hand, it will increase the propagation delay since some
data packets may be forwarded along sub-optimal paths.
From Fig. 7, the unipath routing has higher average end-to-
end delay compared to our multipath routing. This demon-
strates that our multipath routing could distribute the traf-
fic and improve the end-to-end delay, but the improvement
is limited below pause time of 300 seconds. With the de-
crease of pause time, the average end-to-end delay for both
multipath routing and unipath routing increases, because the
network topology changes more frequently. More route dis-
coveries will be promoted and thus the queuing delay of the
data packets in the source nodes increases, which leads to
the increase of the average end-to-end delay.

The diversity injection method, however, shows a larger
end-to-end delay than the unipath routing method at low
speed. The main reason for this strange phenomenon is that
the diversity injection method uses fewer and longer node-
disjoint paths. As described above, the diversity injection
method use the shortest cached route, which has been used
the least number of times, to re-direct RREP packets. How-
ever, this does not mean that the source node will finally
receive shorter node-disjoint paths than our method. The
criteria of least used and the possible multiple redirecting
may result in longer paths. In contrast, our method only
re-directs a RREP packet once when a proper direction is
found. Through observation, those RREP packets that hap-
pen to be re-directed to longer paths are much likely to in-
clude node-disjoint paths in the diversity injection method.
In other words, the diversity injection method finds fewer
and longer node-disjoint paths. The improvement of end-
to-end delay due to traffic distribution can not compensate



for the degradation of end-to-end delay when using longer
paths. It shows that multipath routing does not improve end-
to-end delay in all scenarios. This is an important lesson on
deploying multipath routing in MANETS:.
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Figure 7. The average end-to-end delay

Fig. 8 gives the results of load balancing. The CoV of
network load is the highest for the unipath routing and the
lowest for our method. This is because the multipath routing
can distribute the network traffic along different paths. On
the other hand, the unipath routing always uses the shortest
paths between the sources and the destinations, which will
unfairly assign more duties to the nodes along the shortest
paths. With the decrease of pause time, the CoV of network
load for the unipath routing and the multipath routing also
decreases. This shows that the increase in mobility couid re-
sult in better load balancing of the traffic among the nodes.
“Hot spots” are likely removed due to mobility. Our method
is better than the diversity injection method in terms of load
balancing because our method could find more and shorter
node-disjoint paths.

5.3. The Energy Consumption Comparison

Based on the NCR WavelLan model, Fig. 9 shows the re-
sults of energy balancing. The CoV of energy consumption
for the unipath routing is higher than that for our multipath
routing. This demonstrates that our multipath routing can
assign the routing tasks more fairly than the unipath rout-
ing. However, note that the scale of the y-axis is much
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smaller than the one in Fig. 8. The improvement of en-
ergy balancing with multipath routing is trivial compared
to the improvement of load balancing. This is because the
nodes, even with no routing tasks, have to passively listen
to neighboring nodes’ radio transmission, which inevitably
consumes battery energy. This is also the reason why the
diversity injection method presents very similar results of
energy balancing as the unipath routing.
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Figure 9. The CoV of energy consumption

From the results in Fig. 10, we can see that our multipath
routing and the diversity injection method have smaller av-
erage energy consumption than the unipath routing when
mobile speed is high (pause time is less than 400 seconds
in the simulation). When mobile speed is low, the average
energy consumption in the unipath routing is smaller than
in our multipath routing and the diversity injection method.
The battery energy of a network node is mainly consumed
on forwarding control and data packets. Multipath routing
usually increases the energy consumption on the transmis-
sion of data messages because some data packets traverse
sub-optimal paths. On the other hand, it will decrease the
energy consumption on the transmission of control mes-
sages from the results in Fig. 5. When mobile speed is high,
the energy cost on routing control is too large to compen-
sate for the energy saving on data transmission along the
optimal paths in the unipath routing. This is why energy
consumption is higher in the unipath routing when mobile
speed is high.
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6. Conclusions

Without accurate knowledge of topology, how to find
multiple node-disjoint paths is difficult. In this paper, we
propose a new on-demand multipath calculation method
based on the heuristic redirection of RREP packets. We also
studied the performance of the proposed on-demand multi-
path routing method. The results show that our multipath
routing can provide load balancing, reduce the frequency of
route discovery and control overhead, provide fair energy
consumption among the network nodes, and save total en-
ergy consumption when mobile speed is high.
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