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ABSTRACT

Many applications, such as disaster response and milifgplyca-
tions, call for proactive maintenance of links and routeMisbile
Ad hoc NETworks (MANETS) to ensure low latency during data
delivery. The goal of this paper is to minimize the wastagerof
ergy in the network due to higbontrol traffic, which restricts the
scalability and applicability of such protocols, withowding-off
the low latency. We categorize the proactive protocols thase
the periodic route and link maintenance operations peréorrand
analytically derive the optimum periods for these operatim dif-
ferent protocol classes. The analysis takes into accouattdsfic
intensity, link dynamics, application reliability reqaments, and
the size of the network. The proposed optimization signifilya
reduces the control traffic for low data traffic intensity hetnet-
work and increases protocol scalability for large netwoskthout
compromising the low latency of proactive protocols.

Categories and Subject DescriptorsC.2.2 [Network Protocols]:
Routing Protocols G.1.6 [Optimization] Constrained optiation ;
1.6.5 [Model Development]: Modeling methodologies

General Terms: Performance, Reliability, Theory.
Keywords: Proactive Computing, Energy Efficiency, MANETSs.

1. INTRODUCTION

Routing is a fundamental and challenging task in Mobile Ad ho
Networks (MANETS). The dynamic nature of the wireless mediu
and the mobility of the wireless nodes lead to frequent disec-
tion of routes between sources and destinations. In manicapp
tions, such as disaster response, the network has to pepiwac-
tive routing to ensure application tolerable delay for infiation
delivery [11]. However, limitations of energy availabyiin the
battery-powered mobile nodes compound the problem.
Proactive routing protocols, which extend the traditiotzddle-
driven routing techniques found in the wired networks, cavéry
expensive in terms of energy consumption [18]. These padgoc
maintain and update routes periodically between soursérdgion
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pairs even if there is no data traffic between the pairs. Gonse
quently, these protocols do not scale for large network$. [22i-
justing the periodicity of route maintenance is therefaquired to
minimize the energy overhead and increase the scalabfijyoac-

tive protocols

One possible solution, as taken in reactive routing prdsyds
to set up a session between a source and destination only when
there is data to deliver. Although this extreme measureesoliie
problem of high energy overhead, it however raises the \fiolig
performance issues: (i) high end-to-end data deliverynigteas no
predefined route is available at the beginning of the sessiamd
(ii) high energy consumption if the rate of establishing rs@ssions
becomes very high [22].

A different approach is taken in hybrid routing protocolsck
as ZRP [14], and SHARP [17]). These protocols restrict thee pr
activity in small network regions. However, nodes insidesgion
are engaged in periodic maintenance of routes, therebyngeest-
ergy in case of little or no data traffic. An appropriate swint
instead, would be to optimize the periodic route maintepaper-
ations in proactive protocols based on the rate of datadraffi

There are two principal periodic maintenance operations pe
formed in the proactive protocols: i) individual link magmance,
and ii) overall route maintenance. Optimization of overallite
maintenance, based on the link dynamics in MANETS, have been
explored in [19]. However, the low scalability of proactipeoto-
cols in large networks is not addressed in this optimizatibar-
ther, the application requirements on route-availabdity not con-
sidered in the optimization. Intuitively, there is no regument to
update routes even with high link dynamics unless theretis e
transmit. Similarly, if the reliability requirement, udyaspecified
as thePacket Delivery Ratio (PDHR0], is not high (e.qg. in elastic
traffic models in real-time applications [20]), the updategien-
cies can be further reduced.

In this paper, we intend to incorporate all these considarat
while optimizing the periods for link and route maintenandée
goal of this paper is toptimize the update frequencies of proactive
routing protocols in MANETS based on the average rate of data
arrivals and link changes in the network, without comprangghe
scalability and reliability as long as it is feasible withilne capacity
of the network We denote the optimum periods for link and route
maintenance as.p: andp.p:, respectively. An analytical model
to derive B,p: and o, is developed so that the energy wastage is
minimized. Such an optimization achieves significant réidadn
control traffic (messages exchanged for performing routk ek
maintenance) for low data traffic and low application reqdiPDR.
Further, the optimization predicts a reduction of the roupelate
frequencies with the increase in network size, thereby essing
the scalability issues of the proactive protocols. Thisdkieved
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Figure 1: Maintenance Operations in Proactive Protocols

by performing frequent link maintenance and accumulatirggam
topological information in each route-update flooding.

2. MAINTENANCE OPERATIONS IN
PROACTIVE PROTOCOLS

With proactiverouting, network topology and route information are
maintained for any pair of nodes regardless of the apptioatiata
traffic. Messages exchanged and energy consumed in penigrmi
this maintenance are defined as ttentrol traffic and overhead
energy respectively. The termeontrol traffic overhead energy
control overheadandoverheadare interchangeably used.

2.1 Proactive Protocol Model

Each node maintains the link status with every node in thencom
nication range (i.e. thaeighbor node®r neighbor sét Periodic

2. Triggering Route Updates for every change in the Link Sta-
tus (TRULS): This operation performs update of routing informa-
tion across the network whenever there is a change in thessbét
a link in route. Flooding of route-updates takes place thudé the
updates across the network [16] [2]. In the rest of the paperise
the terms ‘broadcasting’ and ‘flooding’ interchangeably.
3. Periodically Updating Routes (PUR) Unlike TRULS, this op-
eration accumulates all the link changes in a specifiedvatdre-
fore broadcasting route updates. PMLS and PUR are the two per
odic operations described in Section 1.

We classify the proactive protocols in the following sulig®c
based on which of these operations are employed.

2.1.2 Proactive Protocol Classification

Proactive protocols may or may not employ one of the TRULS
and PUR operations for updating routes. We abstract thecproa
tive protocols in four different classes as follows, depagan the
employment of TRULS and PUR operations.

1. Proactive protocols with all operations (PP+BTP)In this ap-
proach, all the three aforementioned operations are pagdr Pro-
tocols, in this category, include Destination SequencestaDice
Vector (DSDV) [16], and Topology Broadcast based on Reverse
Path Forwarding (TBRPF) [2]. Although the PUR operation may
seem redundant because of the employment of TRULS, it has a
certain significance. TRULS in these protocols may lead tting
loops, which gets corrected in the PUR operations. The PUR op
eration includes transmission of destination sequencebetsto
monitor and maintain the freshness of the routing strusturR®ut-

ing loops, after performing TRULS, are broken by PUR with the
latest sequence numbers.

2. Proactive Protocols with PMLS & PUR (PP+BP) A principal
disadvantage with PP+BTP is the large amount of controfitraf
generated to maintain the routing structures. As TRULS is pe

beacormessages are exchanged among the neighbor nodes for thigormed with every change in the link status, the PP+BTP jpait

purpose [22]. When a change in link status is detected, thieso
are updated immediately and/or after the expiry of a prendefpe-
riod. Theroute-updatenessages, triggered on detection of changes
in link status, can be initiated by any node that detects tlamge.
Fresh route information for nodes, not in the route betwermce
and destination, are maintained through periodic routatgpmes-
sages. These periodic messages are initiated by eithestiheesor

the destination and flooded across the network.

In link-state routing, each node floods its neighborhoodrimia-
tion across the network with the route update messagesstardie
vector routing, the route update message contains the ogxinh
formation to reach any other node. This update is transchitte
all the neighbor nodes. Similarly, all the neighbor nodesismit
their local information to all of their respective neighboin worst
case, the update has to be transmitted by every node leadiagie
message complexity as in link-state routing.

2.1.1 Maintenance Operations

There are three differeiperationdor maintaining network topol-
ogy and route information in the proactive protocols; twandiich
are periodic in nature as noted in Section 1, and one of wisich i
triggered operation. Figure 1 summarizes the differentatpens
in the proactive protocols.

1. Periodically Monitoring the Link Status (PMLS): This op-
eration is required to maintain the topology of the netwotka

become very cumbersome in terms of messages exchanged, espe
cially with the high dynamics in the MANETS. Instead, a lialer
approach is taken in protocols such as DARPA packet radio net
work project [10], Intra-zone Routing Protocol (IARP) [&]][ and
Fisheye State Routing protocol (FSR) [15], where TRULS it no
performed at all.

3. Proactive Protocols with PMLS & TRULS (PP+BT): One of

the main challenges in PP+BP is to address the trade-offemstw
the amount of control traffic and the consistency of routerimia-
tion. To address this, another class of proactive protdcatsbeen
proposed, which does not perform PUR and performs only TRULS
for maintaining fresh routes. Unlike the PP+BTP, thesequols

do not rely on destination initiated sequence numbers imtagi-

ing fresh loop-free routes. Examples include Source Tregptide
Routing (STAR) [4], Wireless Routing Protocol (WRP) [13hda
Optimized Link State Routing (OLSR) [3].

4. Proactive Protocols with PMLS (PP+B)A different class of
distributed routing protocols has been proposed which daeo
quire PUR and TRULS operations. These protocols use theheac
messages to exchange local information between the neighbo
When any change in the link status is detected, each node take
decisions based on the local knowledge in such a way thanirafo
tion regarding topological changes is automatically diéfd across
the network. Examples of these protocols include Selfi$taiy
Shortest Path Spanning Tree (SS-SPST) [7] [21], Energyeaa®3a-

node does not receive any beacon message from a neighbor for &PST (SS-SPST-E) [12] and Breadth First Spanning Tree (BFST

certain number of consecutive beacon periods, the cometipg
link is assumed to be disconnected (broken). Routes argeghda
depending on the topology maintained by PMLS.

[6] [5] protocols. Although these protocols may reduce tbkimne
of control messages, they may incur higher end-to-end dklayto
diffusion of local changes across the network.
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Figure 2: Periodic messages exchanged in proactive routifigr MANETSs

Table 1: Control operations in proactive protocols
Proactive Protocols PMLS TRULS PUR

PP+BTP(DSDV [16], TBRPF[2]) O
PP+BP(FSR [15], IARP [8]) O
PP+BT (WRP [13], OLSR [3]) 0
PP+B(BFST[5], SS-SPST[21]) O

oOogo
[

Table 1 summarizes the operations employed in the aforemen-
tioned approaches. Figure 2 further illustrates the contessages
exchanged among the nodes for performing these operatidss.
shown in the figure, there are two basic timers that are maieda
for proactive routing: 1) the periodic beacon timer and 2)tecup-
date timer. Periodic firing of these timers initiates PMLS &#UR
respectively. For simplicity, the figure shows that the eoupdate
timers are maintained in the source node. However, in sedltan
be maintained in destinations as well (as in DSDV [16]).

The following subsection motivates for timer period optzan
tion and presents different parameters impacting the épdition.

2.2 Timer Period Optimization

The control traffic of a proactive protocol depends on whilelss of
protocols they belong to. Increasing the timer periods tesary
to reduce the control traffic. However, this increase mayltés
stale routing structure due to infrequent update of roubereas-
ing the period, on the other hand, results in high controtlosad.
Proper determination of the timer periods is therefore natony to
minimize the control traffic without hindering the perfornte of
the proactive protocols. We conclude this section with audision
on the factors that will influence this determination.
Application-specific reliability requirements: The reliability of
routing protocols depends on their ability to successfdiyiver
application packets to the destination. The freshnessuiéso re-
quired for successful packet delivery, is therefore a ppialcdriv-
ing factor toward achieving the PDR required by the appiicat
Application data arrival rate : The data traffic determines the re-
quirement of routes between source-destination pairsvérlit-
tle or no traffic, the requirement for maintaining fresh esitan
be relaxed compared to high data traffic, which requiresufesd
route updates for successful data packet delivery.

Rate of change in the link states Changes in the link status in
the MANETS can occur due to node mobility and energy deptetio
in the battery-powered nodes. For low rate of changes initthe |
status, the requirement for maintaining fresh routes cafuttber

relaxed. However, this is not affordable in most situati@rsdy-
namic networks such as MANETSs with high rate of link changes.
Capacity of the wireless channel The amount of control traffic
generated for route maintenance, however, depends on &maeh
capacity of the wireless medium. This capacity, usually snesd
by the channel bandwidth, constrains the feasibility of¢batrol
packet transmission in the proactive protocols. For lowdvadth,

it may be infeasible to perform fresh route maintenance eviém
high rate of link changes.

3. MODELING AND ANALYSIS OF TIMER
PERIODS

In this section, we develop an analytical model that will ldea
optimum period determination of the aforementioned timelrs
our study, the protocol delay, application traffic rate, &nel link
change rate are correlated to the achievable reliabilithefproto-
cols. Our main goal is to minimize the overhead cost due térobn
traffic in proactive protocols. The required reliabilitycithe chan-
nel capacity provides the constraints in achieving thid.goa

3.1 System Model
3.1.1 Network Model

We consider a network aV nodes. Each node has a bidirec-
tional communication link with any other node that is withire
range of communication. A link can break if the correspogdin
nodes get out of each other's communication range. The aver-
age number of neighbor nodes in the communication rangeotf ea
node is given by, and the average diameter (in number of hops)
of the network is given byD. A node in the MANET moves with a
constant velocity i.e. the velocity does not change withetirRur-
ther, the velocity has a value within certain limits. The egof
mobility in a given application can be taken into account pgra-
priately choosing the limits of node speed. Nodes’ speadction
of motion and their location are mutually independent. Urtde
same network model, it has been proved that the time betwaen c
secutive link-changes is exponentially distributed [18je denote
the mean, the average rate of any single link change, ja be

Each node periodically transmiteaconmessages (witl# be-
ing the average beacon interval in seconds, i.e. the avehage
interval between two successive beacon transmissions). b€ha-
con messages contain the transmitter node id (siZé«fN]) to
advertise the transmitter’s existence to neighbor nodea. nbde
does not receive any beacon from a neighbokfoumber of con-



secutive beacon periods, the corresponding link is assuméé
broken. The data packets are sent from source to the déstinat
It is further assumed that there is single source-destingiair in
the network. The analysis can be however extended to meiltipl
source destination pairs. For protocols employing PUR &H>
and PP+BP)route updateimers are maintained at the sources (or
destinations depending on the specific protocol), witheing the
average route update interval.

3.1.2 Node Energy Consumption

When there is no on-going transmission, nodes are in the slee
state. MAC protocols with perfect wake-up scheme are engaloy
to make sure that only the intended receiver is brought batke
active state, thus eliminating unnecessary energy consomin
listening. There are three major types of energy consumgtat
each node: (1) when a node is in sleep state it consemésules
per unit time, (2) when in active mode, the energy consumgfto

TRULS initiates route update with each change in the link sta
tus. The time taken to detect a link change:is (as detection is
performed with non-reception of beacons forconsecutive bea-
con periods). Further, the average time between link crange
1/u. Therefore, the time before an occurrence of link change and
the initiation of TRULS isl1/u + kS, giving the rate of TRULS
operation asl/(1/u + kB). This rate however is multiplied by
the network diameter, as any intermediate node betweenraesou
and destination can initiate TRULS. Each route update pawke
a maximum size ofV[logN]. This has to get flooded across the
network amongV nodes (i.e N such transmissions) leading to the
average energy expended per unit time as:

N?u

_— 2
14 pks @

The size of route update packets for PUR has the same value
as TRULS, however, the rate of such updatéd js, resulting in

Errurs = [logNE¢s.

reception is,, Joules per bit received, and (3) transmission energy energy consumption per unit time as,

consumptiore;, in transmitting one bit by a node to all the nodes
in the communication range.

3.1.3 Application Model

We assume Bulk Poisson traffic generation model [19] [1] for
our analysis. In the Bulk Poisson model, the rate of data agess
generation at the source is exponentially distributed Wighaver-

age A messages per unit time. The message generation is there-

©)

The total overhead cost of proactive protocols is a summatfo
these individual overheads for the operations employetl|€Ta).

3.3 Correlation between PDR (), traffic rate
(») and link change rate (x)

N2
Epur = r [logN ] E¢s.

fore a Poisson process. Each such message consists ofleultip This section analyzes the average PDR achieved by the jweact

data packets in a bulk. We assume each message contaiata
packets on an average. Packets inside a message arrive\adtgr
constant timer. This traffic model characterizes many real-time
applications (such as voice, video and multimedia) whichbee
lieve would be the major MANET targets in many situationstsuc
as military applications, disaster rescue missions ettthEy these
applications can tolerate packet losses within a thregf2ald
Definition 1: PDR is defined as the ratio of number of packets suc-
cessfully delivered to the destination to the total numbigrackets
transmitted from the source.

PDR gives the average probability of successful packevelgli
from the source to destination. It is an effective measuchtyac-
terize the reliability of MANETS [20]. We assume that, on eage,

a PDR ofT" is required by the application.

3.1.4 Problem Statement

The goal is to calculate the optimum beacon integ), and
the optimum route update interval,,; to minimize control over-
head in the proactive protocols as a function of the netwaoidk a
application parameters- average link change rate:), number
of nodes (V) in the network, average message arrival ratg (
and average PDR] required for the applicatior- i.e. Bop: =
F(p, A, Ty, N), andpopt = g(p, A, T, N).

3.2 Overhead Energy Consumption

We start by first analyzing the energy expended for the thoeéral
operations (PMLS, TRULS, and PUR) in proactive protocols. A
explained previously, PMLS employs periodic beacon messag

The energy consumed for the transmission of one beacon mes-tify My

sage is[logN|E.,, where [logN] is the length of the beacon
message and;, is the energy consumed per bit transmitted by
a node and decoded by all its neighbors. Therefoygis given by
(et + nerq) (n being the average number of neighbors). As there

are N nodes in the network, and all of them transmit beacons after

everyg time, the energy consumption per unit time is

N [logN'| Ets. Q)

Epyvrs =

wheref) =

protocols. PDR gives the average probability of succesilivery
of data packets from the source to destination (Definitian If)
1, denotes the probability of packet loss for single link feglun
the route, then probability of successful packet deliveont the
source to destination is given ¥ — 1,)”, D being the average
network diameter in number of hops (Section 3.1)" i the PDR
required by the application then we have the following craist:

(1—mn)? >T 4)

Note here that), is dependent on the rate of link change and
the traffic rate. Further, ify, is one, i.e. if all the packets are
lost, the PDR becomes zero, which is clearly unacceptablarip
application. In the following paragraphs, we analygen terms of
w1 and\ assuming that,, is not one.

Packet Loss Analysis: The average rate of packet generation in-
cludes the constant data packet generation in a messagexand e
ponential message arrival. Under the same traffic model st ha
been proved in [1] that if, on average, there arpackets per mes-
sage where the arrival of messages is distributed expatigntiith
mean rate\ and if the packets in a message is generated after every
constant timer, then the average number of data packets per unit
time is given by,

A= pYe"
1—Ddar(l+ Ao —
It can be easily verified from the above equation that i§ one,

then the rate of packet arrival degeneratea.tblow, we can quan-
as follows:

M)G—AQT (5)

THEOREM 3.1. If § is the worst-case delay to re-establish a
valid route after a single link disconnection in the routeen the
average probability of packet loss, assuming that not attkeds
are lost, due to the link failure is:

np = 20

Aat+A 1
/\a+#‘u+(

(6)

) (oo




PROOF There are two possible cases.
() Link-change rate is less than or equal to packet generatate

3.4.2 Channel Capacity Constraint
The data and control traffic can never exceed the capacity of

(n < A): There are multiple packets between consecutive link the channel. First, we describe the channel usage due tothe ¢

disconnections. As not all the packets are ldst< 1/u. The
number of packets, not get delivered during the timed A asA is

the rate of packet arrival. Moreover, between two conseeutiute
disconnections there are/n number of packets from the source.
Let us assume that the total number of packets transmitted is
There is a total ofut’/A number of route disconnections during
the period in whicht’ packets are transmitted. So, the total number
of packets lost igut’ /A)(6A). The probability of packet loss is

™

() Link change rate is greater than packet generation rgte>
A): There are multiple link failures between consecutive datkp
ets. As not all the packets are lodt< 1/A. Similar argument as
Case | would give the probability of packet loss as,
t'AS

; ®)
The probability of link change rate being greater than pagka-

eration rate (Case Il), under same set of assumptions, reme b
calculated in [1], and is given by:

m = = po.

N2 = = A5

1 A n

—(Aa4p)T M
a ad+p) Aa+up

P, =
Ao+

9)

The average probability of packet loss can be given as fatlow

Np = (1= Pm)m + Prnp (10)

We replaceP,,, P:, m1 andn in Equation 10 to get the result.[]

3.4 Optimization for PP+BTP

As PP+BTP employs all the three operations (Table 1), the-ove
head for such protocols is given as,

Eow = Epymis + Errurs + Epur. (11)

Minimizing the E,, is the objective of the optimization problem.
Following are the two constraints for the optimization desh.

3.4.1 PDR Constraint

In case of a route disconnection, the worst case delay béfere
re-establishment of a valid route is dependent on i) the mami
time before update to a valid route is initiated; and ii) eaeknd
delay to propagate the update across the network. The oetexdt
any change in link status is performed after non-receptfdntmea-
con messages, leading to a detection delayofAlthough TRULS
updates routes whenever a change in the link-status istddiat
does not affect the worst case delay. As explained in Segfidn
is possible in PP+BTP protocols that TRULS may generatdithva
routes with one or more cycles. The PUR operation is requived
break these cycles and generate valid routes. Consequémly
worst case delayd] in re-establishing a valid route after a link
change isk3 + (¢ + drec), Whered... is the end-to-end propa-
gation delay. Replacing this in Equation 6 and takénim the left
hand side of Equation 4 we get,

1-TD
.

It can be easily verified that with the increaseun) or T, the
right hand side of the above equation decreases. As a rdseilt,
control overhead required to maintain the POR pecomes high.

kB + ¢+ drec < (12)

trol traffic. The channel availability of a node is affectey the
control traffic within the range. As described in Section, 3He
size of each beacon message[isgN]|, and the average num-
ber of nodes within the range i Therefore, the average num-
ber of bits/second required for the beacon messages is given by
n [logN7 /3. Similarly, for the route update message it is given by
nN [logN] (1/¢ + pD/(1 4+ pkp)) (Section 3.2). If the channel
capacity isC' (in bits/second) and a data packet hasbits on an
average, we have the following constraint:

n 1 uD

3 [logN] +nN (cp + 1 +Mkﬂ> [logN]+dA < C, (13)
where average number éits/second for control traffic is given
by the first two terms in the left hand side. The last term inléfie
hand side of the equation accounts for the data traffic.

3.4.3 Optimization

Given the constraints in Equations 12 and 13, our objectve i
to minimize E, ., the overhead of the protocol, where bgthand
o are real positive numbers. Although the problem is not linea
it can be solved as follows. The optimum solution can be found
when we increas@ and ¢ as far as possible while still meeting
the constraint in Equation 12. Therefore, first, the cormstrin
Equation 12 is converted to an equality. Based on this, oriabla
is replaced in the objective function in terms of the otheu&ing
the objective function’s first order derivative to zero gequartic
equation (fourth order). Among the four roots found, we det t
optimal point by checking for the positive value of the sestorder
derivative of the objective.

Note that if the values 0f,,: andy.pe, found in this way, do
not satisfy the constraint in Equation 13, then the probleimfea-
sible. Itis not possible to further increagg,: or o, (to satisfy
equation 13) because of the constraint in equation 12. tiveely,
the control overhead becomes very high when the rate of @sang
in the link-status, the data traffic rate, and the requiredRRDe
high. The channel capacity is however limited and may nopsttp
the high overhead incurred. In other words, under theseitiond
the maximum achievable PDR may become less than the PDR re-
quirement of the application.

Therefore, given the PDR requirement and the channel dgpaci
we find the range of.,: andy,,:. Wheny — 0, both 8,,: and
wopt tend to infinity, i.e. there is no need to send control packets
if the link-status between the nodes do not change. Howaver,
MANETS, this is hardly the case due to high link dynamics agion
the nodes. The other extreme is given by the situation when
oo. The ranges of the optimum periods are:

1
1-I'D -1
oA drec 14 N (14)
k V k+ND ’
1-T% [k -
—I'D
00 > Yopt > ( - dm> (1 + N + D) . (15)

Note here that for simplicity, we provide a range of optimuaiues
wheny is varied. The solution of the quartic equation gives com-
plicated notational terms and is not presented to avoidusionh.

3.5 PP+BP, PP+BT and PP+B

Optimizations for PP+BP, PP+BT and PP+B follow the same pro-
cedure as PP+BTP. The objective function and the capacity co

oo > Bopt 2
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Table 2: Optimum Intervals for Different Protocols
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straint are determined by the operations employed in theste-p
cols (Table 1). PP+BTP leads to the worst case situationringe

of overhead and channel usage because of the employmerit of al

the three operations. The problem becomes simpler for ther ot
protocols. The worst case delay to recover to a valid roditéaf
PP+BP is same as PP+BTP as TRULS does not affied®P+BTP.
However, the objective function in PP+BP do not have to aersi
the TRULS operation.

For PP+BT and PP+B protocols, the number of variables reduce
to one (only the beacon interval). For PP+BT, the optimization is
straightforward, as the equality of the PDR giy&s.. For PP+B,
however, the diffusion of route update is more than the enend
delay d,... The recovery for any change is performed based on
local actions and no route update broadcast is employedtirigta
from a given change in the link status and assuming that trere
no further changes during the recovery process, the routing-
ture in PP+B recovers to a valid route with a worst case latenc
of 8 Z;jé"l ¢' [21], wherec is the average number of one-hop
downstream neighbors of each node. Replacing this valyggoe
of dr..) in the PDR constraint can give tlig,,: for PP+B. Table 2
presents th@,,: andy,,: for PP+BP, PP+BT, and PP+B.

4. EVALUATION

This section evaluates the optimal beacon interval anctroptiate
interval with different parameters. First, we compare theppsed
model with Link Dynamics (LD) based optimization [19].

4.1 Comparison with LD

LD performs optimization based only on the rate of changéén t
link-status in the MANETSs and does not consider rate of wafid

achievable PDR for the proactive protocols. We enhance e L
model with our packet loss analysis (Section 3.3) for penfag
fair comparison with respect to application parameterswéier,
LD only optimizes the route update intervat)(and does not ad-
dress the optimization ¢f (Table 3).

LD assumes the detection of change in the link-status as-an in
stantaneous process. This can only be achieved througtiténfin
beacon frequency, leading to infinite overheddpf/rs — oo,
ErrurLs — o0), which is clearly infeasible in MANETSs. The
proposed analytical model, on the other hand, optimizek Pot
ande. It should be noted here that LD leads to highy,. (Figures
3 and 4) than the proposed optimization because of the iihpte
sumption of no delay in the detection of the changes in litals.
This assumption results in increasing the value afhile meeting
the constraints in Equation 12, 8s= 0.

4.2 Effect of Link Change, Traffic, and PDR

Figures 3 and 4 show the optimum update intervals (isath and
popt) for different values of PDRI), rate of change in the link-
status ;) and application message arrival ratd.( As shown in
Figure 3, wher is higher, lower intervals (i.e. higher update fre-
quencies) are required in order to provide a specific PDR ¢o th
application. Similarly, Figure 4 shows that the updaterivats de-
crease with the increase in the rate of data traffic. Wheretisano
data traffici.e.A — 0, it can be verified from equations (14) and
(15) that both the update intervals becomse.e. it is not required
to maintain fresh routes when there is no data to transmit evesn
the rate of changes in the link-status is very high. Howeagithe
rate of data arrival increases, the requirement of maitgifresh
routes also increases. Table 5 summarizes these trends.

4.2.1 Optimum Route Update Intervals

PP+BTP and PP+BP employ both PUR and PMLS (Table 1).
Interestingly,op: in PP+BTP is always less than that of PP+BP,
whereas3,,: in PP+BTP is always greater than that of PP+BP (Fig-
ures 3 and 4). This phenomenon is attributed to the fact thet b
PP+BTP and PP+BP have same worst case delay in terms of route
update. It is better to increagk,; for PP+BTP in order to reduce
control traffic due to TRULS. However, to maintain the worase
delay constraintsp,,: has to be reduced.



Table 3: Period Optimizations in LD and Proposed Model
PP+BTP PP+BP PP+BT PP+B

Model B v B o 8 B
ProposedModel O O 0O 0O a ad
LD Model O ad

Table 4: Comparative study of 3., and @opt
Protocols Bopt Popt
PP+BTP greaterthan PP+BP minimum
PP+BP minimum greatethan PP+BTP
PP+BT maximum
PP+B greaterthan

protocols with PUR

4.2.2 Optimum Beacon Intervals

Both PP+BTP and PP+BP have lg¥y,; compared to PP+BT
and PP+B (Figures 3 and 4). PP+BT has the higi¥gst under
all conditions to reduce the number of triggered broadcast to
TRULS. It should be noted here that as there is no PUR involved
in PP+BT, the3,,,: can be relaxed compared to the other protocols.

Table 5: Variation of Bop: and wop: (1, 1’, @and ' =’ mean “in-

crease”, “decrease”, & “no change” respectively).
PP+BTP PP+BP PP+BT PP+B
Parameters Bopt  @opt  Bopt  Popt  Bopt Bopt
TwAD | L1 ! !
TN I . .
1D T 1 ! ! ! !

link and route maintenance operations performed. Optiticinaf
the periods of the maintenance operations for all classgsoafc-
tive protocols has been performed, with the goal of miningzihe
energy overhead. The analysis takes into account cross-fesy
rameters such as the rate of link-changes, the rate of daffectr
and the application required PDR. The proposed optimind&ads
to significant reduction of control traffic in proactive poobls for
low data traffic intensity. Further, it allows higher scaldp of the
proactive protocols with increased network size.
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