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Abstract— A Mobile Ad hoc NETwork (MANET) is a
collection of wireless mobile computers forming a tempo-
rary network with no existing wired infrastructure. Due to
the dynamic nature of network topology and the resource
constraints, routing in MANETSs is a challenging task. Dis-
tributing the routing tasks fairly has eminent advantages,
such as reducing the possibility of power depletion and
queuing delay in the hosts with heavy duties. However,
most current routing protocols for MANETs do not take
load balancing into account. In this paper, we propose
a load-sensitive on-demand routing approach, which uti-
lizes the network load information as the main route se-
lection criterion. We perform a simulation study on the
proposed routing protocol. Compared with the Dynamic
Source Routing (DSR), our protocol shows better perfor-
mance in terms of packet delivery ratio and average end-
to-end delay. Further, with low mobility, these benefits are
gained without an increase in the control overhead.

I. INTRODUCTION

A Mobile Ad hoc NETwork (MANET) is a collection of
wireless mobile computers forming a temporary network,
which is based on radio to radio multi-hopping and has
neither fixed base stations nor a wired backbone infras-
tructure. Routing in MANETS is a non-trivial task be-
cause hosts’ movements cause frequent topology changes
and require robust and flexible mechanisms to discover
and maintain the routes. Due to the power and bandwidth
limitations, a routing protocol in MANETSs should fairly
distribute the routing tasks among the mobile hosts. An
unbalanced assignment of data traffic will lead to power
depletion on heavily loaded hosts. With more hosts pow-
ered down, the connectivity of the network will be re-
duced, which will lead to call failures due to network par-
titions. In addition, the nodes with heavy routing duties
likely have large queuing delay and high packet loss ratio.
Therefore, the end-to-end delay and packet loss ratio are
large for the connections using those nodes.

Routing protocols in MANETS could be mainly divided
into proactive and reactive methods. Proactive methods
maintain routes to all nodes, including nodes to which no
packets are sent. They react to topology changes, even if
no traffic is affected by the changes. They are also called
table-driven methods. On the other hand, reactive meth-
ods are based on demand for data transmission. Routes
between hosts are determined only when explicitly needed
to route packets. It is not necessary to periodically update
route information or to find and maintain the routes on
which there is no data traffic. Reactive methods are also
called on-demand methods.

Although many routing protocols have been proposed
for MANETS, most of them have not taken the load in-
formation into account. M. R. Pearlman and Z. J. Haas
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[2] prove that the multipath routing approach could bal-
ance the network load, but they do not use network load
information in their method. In [3], S. R. Das et al.
conclude that using congestion-related metrics, such as
queue length, could improve the routing performance in
MANETSs. However, they do not point out how to utilize
this information in their paper. In [4], H. S. Hassanein
and A. Zhou utilize load information as the main path
selection metric for routing in MANETSs. They define the
network load in a node as the total number of routes pass-
ing the node and its neighboring nodes. This load metric
may not be accurate since the traffic along different paths
may not be the same. In their method, each node period-
ically exchanges load information with its neighbors, and
each middle node will broadcast all received route request
messages. In [8], S. J. Lee and M. Gerla propose a load-
aware routing method. In the network load metric, they
define the network load of a node as the number of packets
queuing in the interface of the node. They utilize a route
adaptation strategy to search for better paths.

In this paper, we propose a Load-Sensitive Routing
(LSR) method that utilizes network load information as
the main path selection criterion. In LSR, the network
load in a node not only includes the local load, but also
considers the load in the nodes’ neighboring nodes. This
metric is more accurate than the one used in [8] due to
the broadcast feature of radio channels, which creates con-
tention. The way to obtain network load information in
LSR does not require periodic exchanges of load informa-
tion among neighboring nodes and is suitable for any ex-
isting routing protocol. We also provide a unified scheme
to utilize the load information and to tune the perfor-
mance of LSR. Unlike [4] and [8], LSR does not require
the destination nodes to wait for all possible routes. In-
stead, it uses a re-direction method to find better paths
effectively. The source node can quickly respond to a call
for connection without losing the chance to obtain the
best path. Based on the initial status of an active path,
LSR can search dynamically for better paths if the active
path becomes congested during data transmission. The
simulation results show that LSR can improve the per-
formance of DSR, an on-demand protocol that does not
utilize network load information in routing.

II. LoaD-SENSITIVE RouTING (LSR)
A. Background
A.1 Dynamic Source Routing (DSR)

In the Dynamic Source Routing (DSR) [1], 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 carries 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, this node will broadcast it
again. Otherwise, the node will drop this RREQ packet.

IPR2025-01303
Cisco Systems, Inc. v. Dynamic Mesh Networks
Cisco's Exhibit 1012
EX1012, Page 1
Authorized licensed use limited to: Christopher Hansen. Downloaded on July 06,2025 at 22:09:20 UTC from IEEE Xplore. Restrictions apply.

0-7803-7128-3/01/$10.00 (C) 2001 IEEE 540



Once a RREQ message reaches the destination 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 traverses
backward to the source, the source and all traversed nodes
will know a route to the destination. DSR then uses the
source routing method, that is, it includes the whole path
information in the packet header, to transmit packets.
DSR uses a route cache mechanism to help a node ob-
tain more route information and to reduce control over-
head. In DSR, an intermediate node can reply to a RREQ
if it has a path to the destination in its own route cache,
and can use an alternate route from its own route cache
when a data packet can not be transmitted to its next
hop according to its source route. When a node over-
hears a packet not addressed to itself, it can learn and
record more route information. Furthermore, it can de-
cide whether this packet can be routed via itself to obtain
a shorter path. If this is possible, the node will notify the
source node to use the shorter path. When a link break-
age is detected, an error message is sent back to the source
node. Any node that receives the error message will erase
the routes that use the broken link from its route cache.

A.2 Some Definitions

In [6], we demonstrate that traffic along nearby paths
could interfere with each other and thus influence the rout-
ing performance. The network load in a mobile host de-
pends on the traffic passing through this host as well as
the traffic in the neighboring hosts.

Definition 1 Traffic load in a mobile host is defined as
the sum of the number of packets queuing in the interface
of the mobile host and the number of packets queuing in
the interfaces of the host’s neighboring hosts.

Definition 2 A path P between node v; and node
vy, is an ordered sequence of distinct nodes <vy, ..., vp>
such that (v;—;, v;) is alink for all 2 < ¢ < n. Node v, is
called an internal node if 1 < i < n. There is a link from
v;—; to v; if node v; is within the transmission range of
node v;_;. In this paper, we assume all mobile nodes’
transmission ranges are the same.

A host can easily obtain the traffic load information
if this host listens promiscuously to neighboring nodes’
transmissions. In our Load-Sensitive Routing (LSR)
method, every packet includes Local Load (LL) and path
load information which includes total Path Load (PL) and
the standard deviation of path load (PV) for the path so
far. The local load (LL) includes the number of packets
that are queued in the current host. Every host maintains
a value of Traffic Load (TL). The value of the TL in a
node is calculated as the sum of LL of this node and the
newest I Ls received from neighboring nodes. Obsolete LL
values will be removed after a timeout period. The total
Path Load (PL) is calculated as the total sum of T in all
hosts along the path. The standard deviation of path load,
which is denoted as PV, is defined as the standard devia-
tion of TL in every host along the path. The total Path
Load (PL) represents the total traffic along a path and
nearby nodes, while the standard deviation of path load
(PV) represents whether the traffic is distributed evenly.

Remark 1 For a given path P= <w;, ..., v,>, if we
assume PL(P) denotes the total path load of P and TL(v;)
denotes the traffic load in node v; (1 < i < n), then
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PL(P) = 322, TL(v:) (1)

Remark 2 For a given path P= <w;, ..., v,>, if we
assume PV(P) denotes the standard deviation of traffic
load in the nodes along the path P and TL(v;) denotes
the traffic load in node v; (1 < i < n), then

PV(P) = \/ iz (TL(vi))* —nx (ML)?

n—1

where ML = %(P) (2)

Remark 3 Using Formula (2), we can calculate PV (P)
incrementally from PL and hop count so far, and do not
need to keep every value of TL(v;) in the packet header.
For example, when v; receives a packet from v;_q, if we
denote Py=<vy, ..., v;—s>, then this packet should carry
the values of PL(P;) and PV(Py) as described above.
Let P =<vy, ..., v;>, then PL{P) = PL(P;) + TL(v,).
From the Formula (2), we can solve the equation to obtain
S N(TL(w))? first, then caleulate 327, (TL(v;))?, and
finally get PV (P).

A path comparison function is used to select a better
path.

Definition 3 Path comparison function f(A, B),
where A, B are two paths, is defined as:

—1 if ( PL(A)- PL(B) > a )V
(( |PL(A) - PL(B)| < a ) A
(PV(A)- PV(B) >3 ),

0 if (|PL(4) - PL(B)| <a ) A

_UPVC) YRS ),

f(Av B) =

In the definition of f, we use total path load (PL) as
the main comparison criterion and the standard deviation
of path load (PV) as an auxiliary criterion. If the total
path load of path A is at least « larger than path B, or
the difference of total path load of path A and B is not
larger than o but the standard deviation of path load of
path A is at least 3 larger than B, then we think path B
is better than path A. f(A, B) = -1 represents this case.
When f(A, B) = 0, we consider that path B and path A
are almost the same in terms of path load information.
f(A, B) = 1 represents that path A is better than path
B. The two parameters, a and f, are used to make the
comparison flexible.

Based on different requirements, we use two sets of path
comparison functions: strict and loose path comparison
functions. In the strict one, the parameters a and § are
set very small, while in the loose one, o and 3 are relatively
larger.

B. Owverview of LSR
B.1 Route Discovery

Like DSR [1], LSR is an on-demand routing protocol.
Unlike [4] and [8], we use a re-direction method similar to
that we developed in [9] to forward Route REPly (RREP)
messages. This method can let the source node obtain bet-
ter paths without an increase of flooding cost and waiting
delay in the destination nodes.
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In LSR, 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
carries the source and destination addresses, a sequence
number which is initialized to 0 and increased by 1 for the
next route discovery, the sequence of hops which it passed
through, and the local load and path load information.
The path load information includes two values, PL and
PV, and is calculated according to Formula (1) and (2).
When a node receives a RREQ), if it is the first time for
the node to receive this RREQ message, this node will
broadcast it again. Otherwise, the node will cache but
not broadcast this RREQ packet. Two RREQ packets are
assumed to be the same if they include the same source
and destination addresses and same sequence number.

Once a RREQ message reaches the destination node,
the destination node will reply with a Route REPly
(RREP) packet to the source, using the reverse path con-
tained in the RREQ packet. Since the destination does not
wait for all possible routes, the source node can quickly
obtain the route information and it quickly responds to
calls for connections. Similar to DSR [1], LSR lets the
destination reply to every received RREQ message in or-
der to provide tolerance for broken links on the return
trip and more routing choices for the source node. The
RREP packet will re-calculate the path load information
when it traverses back to the source node. When a node
receives a RREP packet, the remaining path in the RREP
to the source node is replaced with a cached RREQ that
has the best path load information and does not form a
loop. The best path is chosen using a strict path com-
parison function f If several best paths exist, choose one
randomly.

When the source node first receives a RREP packet, it
immediately uses the path included in this RREP packet
to forward packets. In the meantime, the source node will
record the path load information included in this RREP
packet. If a later-received RREP packet includes better
path load information, then the source node transfers the
traffic to the newly obtained path and updates the path
load information.

In the route discovery phase, we use a strict path com-
parison function to compare the load information of two
paths. Since the parameters « and 5 are set small in a
strict path comparison function, we can guarantee that a
strictly better path will be chosen.

B.2 Route Adaptation and Maintenance

In [7], we dynamically select a more robust path before
the used one breaks. The criterion of route adaptation in
[7] is based on link lifetime. In LSR, we adapt the active
routes in a different context, by using network load infor-
mation. When a used path becomes congested, LSR tries
to search for a lightweight path. Note that the source
node continues to send data traffic along the congested
path until a better path is found. In [8], S. J. Lee and M.
Gerla also utilize a route adaptation method. The crite-
rion for route adaptation in [8] is based on fixed threshold
values. Unlike [8], our route adaptation strategy is based
on the initial status and current status of an active path.

When a data packet is sent from the source to the desti-
nation, it will calculate the current path load. The initial
path load information obtained by the first data packet
along a selected path will be recorded in the destination
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node. When current path load information is much worse
than the initial path load information, network conges-
tion may have occurred and a new better path should be
found. In order to check whether the current path has
become much worse, a loose path comparison function is
used. The parameters « and £, in this case, are threshold
values for the needs of route adaptation. As we will show
later, if the parameters o and 3 are too small, too much
unnecessary route adaptation will be activated.

If the current path becomes much worse than its ini-
tial status, which is calculated based on the first data
packet, the destination node will initiate a route adapta-
tion. It broadcasts a Route REQuest message to search
for a route to the source node. This RREQ message will
calculate the path load, using the same method as in the
route discovery stage. It also carries the path load infor-
mation obtained from the latest data packet received at
the destination. Once the source node receives a RREQ),
if the path load calculated by this RREQ is much better
than the path load of the currently-used path, which is
included in the RREQ), the source node transfers its data
traffic to the path included in this RREQ packet. Note
that the source node does not send back a RREP packet,
and the source node uses the same loose path comparison
function to check whether the received path in the RREQ
packet is much better than the currently-used one.

When an established path breaks due to mobility, an
error message is sent back to the source node and the
source node activates a route discovery as described above.

Since a strict path comparison function is used in the
route discovery phase while a loose one is used in the route
adaptation phase, for the convenience of later discussion
and without loss of generality, we call the path comparison
function used in the route discovery phase a strict path
comparison function, and call the one used in the route
adaptation phase a loose path comparison function even
if we may deliberately set the parameters of it to small
values for the purpose of a simulation study.

ITI. SIMULATION MODEL

We use a simulation model based on GloMoSim [5] to
study the performance of LSR. We compare the perfor-
mance of LSR and the Dynamic Source Routing (DSR)
[1}, which is an on-demand routing protocol but does not
take network load information into account. We also study
how the path comparison functions influence the protocol
performance. Furthermore, we evaluate the performance
of a variant of LSR, which is called LSR-2 and whose
promiscuous listening mode is disabled. Like [8], LSR-2
defines the network load in a node as the total number
of packets queuing in the node’s interface, because a node
can not know its neighboring nodes’ local load information
if the promiscuous listening mode is disabled.

In our simulation, the channel capacity of mobile hosts
is set to the same value: 2 Mbps. We assume all nodes
have the same transmission range of 250 meters. 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/r?, where r is the distance be-
tween mobile hosts. In the radio model, capture effects
are taken into account. We use the Distributed Coordina-
tion 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.

Authorized licensed use limited to: Christopher Hansen. Downloaded on July 06,2025 at 22:09:20 UTC from IEEE Xplore. Restrictions apply.

EX1012, Page 3



In our simulation, 50 mobile nodes move in a 1500 me-
ter x 500 meter rectangular region for 900 seconds sim-
ulation time. Compared with a square region, the rect-
angular region can enlarge the average route length so
that we can easily observe the performance difference in
different scenarios. We assume each node moves indepen-
dently with the same average speed. The mobility model
is the random waypoint model. In this mobility model,
a node randomly selects a destination from the physical
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 1 m/s and the max-
imal speed is 20 m/s. We change the pause time from
0 seconds to 900 seconds to investigate the performance
influence of different mobility. A pause time of 0 seconds
presents continuous motion, and a pause time of 900 sec-
onds corresponds to no motion.

The simulated traffic is Constant Bit Rate (CBR). The
size of all data packets is 512 bytes. A packet is dropped
when no acknowledgement is received after several re-
transmissions or when there is no buffer to hold the packet.
The buffer size is 128 packets. 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%.

We evaluate the performance according to the following
metrics:

o Packet delivery ratio: The packet delivery ratio is de-
fined as the ratio of the total number of data packets re-
ceived by destinations over the total number of data pack-
ets transmitted by sources.

o Average end-to-end deloy: The end-to-end-delay is av-
eraged over all surviving data packets from the sources to
the destinations.

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

IV. SIMULATION RESULTS

As we will show later, the parameters o and 3 in the
strict path comparison function should be set to small val-
ues, but they should not be set to small values in the loose
path comparison function. According to this principle, in
the first experiment, we set the parameter o and 7 to 5
and 2 respectively in the strict path comparison function
and to 200 and 10 respectively in the loose path compari-
son function. Three types of traffic load are simulated. In
the first scenario, 10 source-destination pairs send CBR
traffic with an interval time of 200ms and 10 randomly
chosen nodes periodically broadcast background traffic to
their neighboring nodes with an interval time uniformly
distributed from 50ms to 100ms. In this scenario, the
connections have medium traffic load, but the randomly
chosen nodes have heavy traffic burden and are likely to
become “hot spots” in the networks. In the second sce-
nario, 10 source-destination pairs send CBR traffic with an
interval time of 250ms. The traffic is lightweight in this
case. In the third scenario, 15 source-destination pairs
send CBR traffic with an interval time of 100ms. The
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traffic is heavy along the established paths.

A. Packet Delivery Ratio

Fig. 1, 2, and 3 show the results of packet delivery ratio
of LSR and DSR for the above different traffic loads. In
all simulated scenarios, the packet delivery ratio of LSR
is better than that of DSR. Two reasons can explain this
phenomenon. First, LSR uses the strict path comparison
function to choose a path with light traffic. This will re-
duce packet loss due to buffer overflow in the congested
nodes. Second, DSR aggressively uses the route cache
mechanism [3], which may use stale and wrong route in-
formation and results in packet loss. In the light load
scenario, however, the improvement of packet delivery ra-
tio of LSR is relatively small, compared with the results in
“hot spots” and heavy load scenarios. This is because the
traffic is light and there is little chance to form congested
nodes. The advantage of LSR using lightweight routes is
not very obvious in this case. In both “hot spots” and
heavy load scenarios, the performance of packet delivery
ratio in LSR is much better than in DSR. The reason
is straightforward since LSR will keep a path away from
those heavily loaded nodes whenever a lightweight path
exists. In contrast, DSR does not consider the load in-
formation in path selection and always chooses a shortest
path that may include congested nodes.
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Fig. 1. 10 sources with background traffic

Packet Delivery Ratio (%)
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Fig. 2. 10 sources with light traffic

With the increase of mobility, that is, the decrease of
pause time, the packet delivery ratio for both LSR and
DSR goes down. This is because paths are more likely to
break with high mobility. A very interesting phenomenon
is that the packet delivery ratio in LSR is more consistent
and resilient to mobility. The route adaptation mecha-
nism in LSR may contribute to this feature. With route
adaptation, data traffic is likely to be transferred to a new
path before the used one fails.
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Packet Delivery Ratio (%)
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Fig. 3. 15 sources with heavy traffic

Under light traffic, LSR and LSR-2 have no obvious dif-
ference. However, when the network includes some “hot
spots” or when the end-to-end traffic is heavy, LSR out-
performs LSR-2. This is because LSR chooses lightweight
paths and the neighboring nodes along the paths are also
likely to have light traffic. In contrast, LSR-2 can choose
a light loaded path, whose neighboring nodes, however,
may have heavy traffic. In this case, the heavily loaded
neighboring nodes will contend for the transmission chan-
nel and cause network congestion. However, with the help
of partial load information, LSR-2 still outperforms DSR.

B. Average End-to-End Delay

Fig. 4, 5, and 6 show the results of average end-to-
end delay of LSR and DSR under different traffic loads.
In the “hot spots” scenario, the average end-to-end delay
of LSRR is better than that of DSR. This is because LSR
chooses a path with light traffic load and thus reduces
the queuing delay in the network interfaces. The end-to-
end delay will be increased if a path includes nodes with
heavy background traffic. This situation may occur in
DSR but is less likely to happen in LSR, since LSR has
mechanisms to choose lightweight paths and can adjust
traffic dynamically from a congested path to a less-loaded
path.

However, when traffic load is light, LSR and DSR have
little difference. The reason is that light network traffic
does not cause network congestion and network load infor-
mation has little meaning in this context. Another strange
phenomenon is that in the heavy load scenario, the end-
to-end delay of LSR is slightly larger than that of DSR.
Although LSR can dynamically search for a lightweight
path, the nodes along the newly established path will be
quickly congested since the end-to-end traffic is bursty and
heavy. In this extremely bad situation, LSR does not help
too much and may make things worse. A newly found
path in LSR usually has more hops and the end-to-end
delay will be increased. DSR, however, keeps transmit-
ting messages along the shortest path at the cost of more
packet losses in the heavy load scenario.

In both “hot spots” and heavy load scenarios, LSR per-
forms better than LSR-2 in terms of average end-to-end
delay. The reason is straightforward since LSR-2 may
choose a path whose neighboring nodes are heavily loaded.
The interference of radio transmissions will increase the
end-to-end delay. This phenomenon is also observed in
our work in [6].
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C. Control Overhead

Fig. 7, 8, and 9 show the results of control overhead.
With high mobility, DSR has smaller control overhead
than LSR. But with low mobility, the control overhead for
DSR and LSR exhibits little difference. DSR uses route
cache and allows middle nodes to respond to route re-
quests. This will quench the broadcast of route request
messages earlier and reduces control overhead. The dis-
advantage of route caching is that too many route replies
will be sent out and obsolete route information may be
used. From the simulation results, however, we can see
that the route-caching strategy in DSR reduces the con-
trol overhead with high mobility because more route re-
quests will be promoted and most route requests can be
quenched and replied to the source by middle nodes. On
the other hand, LSR does not allow middle nodes to reply
to route requests. In addition, in LSR, the route adap-
tation mechanism to search dynamically for better paths
during data transmission will also increase control over-
head. Nevertheless, we think the control overhead of LSR,
is acceptable since LSR can maintain a higher packet de-
livery ratio than DSR. The higher control overhead in LSR
does not influence the performance too much, particularly
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for the packet delivery ratio.

LSR and LSR-2 have similar control overhead because
enabling the promiscuous listening mode in LSR does not
require additional transmissions of control packets.

Nomnalized Control Overhead
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Fig. 7. 10 sources with background traffic
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D. The Influence of Path Comparison Functions

The path comparison functions in LSR provide us a
unified way to select paths using different load informa-
tion. Two metrics, total path load and standard devia-
tion of path load, are used in the path comparison func-
tions. Since a strict path comparison function is used in
the route discovery phase, setting large numbers to the
parameters in the strict path comparison function makes
no sense (otherwise, the path selection method will be the
same as in DSR)). Thus we will mainly consider how to set
the parameters in the loose path comparison function for
route adaptation.

We will study several schemes to use load information.
These schemes include: (1) using the total path load infor-
mation only, (2) using the standard deviation of path load
information only, (3) adapting routes frequently, (4) dis-
abling route adaptation, and (5) properly adapting routes
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with the help of both total path load and standard devi-
ation of path load information.

As shown in Table I, five groups of values are studied.
In Group A, the path comparison functions select a better
path based only on the total path load information since
3 is set to a very large number and plays almost no role in
the path comparison. In Group B, the path comparison
functions select a better path based only on the standard
deviation of path load since « is very large. In Group
C, the parameters in the loose path comparison function
are set very small. In this case, a small difference in the
traffic load information may cause route adaptation. The
parameters in the loose path comparison function are set
very large in Group D. In this case, LSR may not de-
tect congestion during data transmission. In other words,
much fewer route adaptations will be activated. In Group
E, the parameters of the path comparison functions are
set the same as in the previous experiment. In the simu-
lated traffic model, 15 source-destination pairs send CBR
traffic with an interval time of 250ms and 10 randomly
chosen nodes periodically broadcast background traffic to
their neighboring nodes with an interval time uniformly
distributed from 50ms to 100ms.

TABLE I
PATH COMPARISON FUNCTIONS WITH DIFFERENT PARAMETERS
Group Strict f loose f

a B a B
A 5 3000 | 200 | 3000
B 3000 2 3000 10
C 5 2 5 2
D 5 2 3000 | 3000
E 5 2 200 10

Fig. 10 shows the results of packet delivery ratio. Group
C has the lowest packet delivery ratio. In Group C, too
much route adaptation will be aroused unnecessarily. A
large amount of control traffic will cause network conges-
tion and result in more packet losses. In Fig. 10, although
Group E has the highest packet delivery ratio, the per-
formance difference among Groups A, B, D, and E is not
very obvious. The packet delivery ratio of Group B is
lower than Groups A, D, and E, although the difference
may not be significant. In Group B, the role of total path
load is almost disabled since a large number is set to the
parameter « in both the strict and loose path comparison
functions. This means that the total path load informa-
tion is more important than the standard deviation of path
load information. A path with large standard deviation of
load may be a good path. For example, there may exist
a situation where most nodes along a path are lightly-
weighted with only a very small number of the nodes hav-
ing a heavy load. That is the main reason why we define
the total path load information as the main path selection
criterion in the path comparison function.

Fig. 11 shows the results of average end-to-end delay.
As expected, Group C has the largest average end-to-end
delay. In Group C, unnecessary route adaptation may
switch the traffic to longer paths and more control pack-
ets will contend for the transmission channel. At relatively
lower speed (pause time larger than 300S in the simula-
tion), Group A presents similar average end-to-end delay
as Group D and E and has better performance than Group

Authorized licensed use limited to: Christopher Hansen. Downloaded on July 06,2025 at 22:09:20 UTC from IEEE Xplore. Restrictions apply.

EX1012, Page 6



B. This demonstrates that the average end-to-end delay
mainly depends on the total path load.

Fig. 12 shows the results of control overhead. Group C
has the highest control overhead because it has too much
route adaptation. The control overhead of Groups A, B,
and E has no large difference, although Group B has the
highest control overhead among them. This is because the
numbers of route adaptations are not significantly differ-
ent among these scenarios, although they activate route
adaptation according to different criteria. Group D has
the smallest control overhead since it has very few route
adaptations.
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Fig. 12. Control Overhead with different parameters in f

Based on the above observations, two main principles
can be applied to setting the parameters in the path com-
parison functions. First, the parameters a and 7 in the
strict path comparison function should be set always to
small values. However, they should not be set to small
values in the loose path comparison function. Second,
choosing different values can adjust the path selection cri-
terion. For example, setting a very large value to « in
the strict and loose path comparison functions will dis-
able the role of total path load information, and setting a

546

very large value to J in the strict and loose path compar-
ison functions will disable the role of path load deviation
information.

Another observation is that the packet delivery ratio
and average end-to-end delay of Group E (with route
adaptation) is better than Group D (almost without route
adaptation). But the control overhead of Group E is worse
than group D at high mobility. However, these differences
are not large with our simulated traffic.

V. CONCLUSION

In this paper, we proposed a Load-Sensitive Routing
(LSR) method for MANETSs. Our method utilizes the net-
work load information to assist in routing and adaptively
selects lightweight paths during the data transmission. We
performed a simulation study on LSR. Compared with
DSR, the results show that with the help of load informa-
tion, LSR can improve packet delivery ratio, and reduce
average end-to-end delay when the network includes some
congested nodes. Further, the control overhead is accept-
able for LSR since it can keep high packet delivery ratio
even with high mobility and it has no increase in control
overhead with low mobility. We defined the path com-
parison functions to provide a unified scheme to tune the
performance of LSR. In this paper, we also studied the
performance influence of the path comparison functions
in LSR and provided principles for choosing proper path
comparison functions.
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