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Abstract—We develop a detailed approach to study how yet. Thus, most of the research in this area is simulation

mobility impacts the performance of reactive MANET routing
protocols. In particular we examine how the statistics of p#h
durations including PDFs vary with the parameters such as
the mobility model, relative speed, number of hops, and radi
range. We find that at low speeds, certain mobility models may
induce multi-modal distributions that reflect the characteristics
of the spatial map, mobility constraints and the communicaing
traffic pattern. However, our study suggests that at moderag
and high velocities the exponential distribution with appropriate
parameterizations is a good approximation of the path duraion
distribution for a range of mobility models.

Analytically, we show that the reciprocal of the average pat
duration has a strong linear relationship with the throughput and
overhead of DSR, which is also confirmed by simulation resust
In addition, we show how the mathematical expression obtaied
for the path duration distribution can also be used to prove hat
the non-propagating cache hit ratio in DSR is independent of
velocity for the freeway mobility model. These two case studs
illustrate how various aspects of protocol performance carbe
analyzed with respect to a number of significant parameters
including the statistics of link and path durations.

Index Terms— Communication System, Simulation, Modeling

. INTRODUCTION
Availability of small, inexpensive wireless communicatin

devices has played an important role in moving ad hd&®
networks closer to reality. Consequently, Mobile Ad ho

NETworks (MANETS) are attracting a lot of attention from

the research community. MANETSs are advantageous becau
of their readily deployable nature as they do not need aff

centralized infrastructure. Various MANET routing prodte

are proposed in the recent years. Some of them are cat orfﬂk
prop y e 0lf:unctions (PDFs). Through simple analytical models, using

as proactive routing protocol, because the routing table
node is periodically exchanged and updated. Some others

classified ageactive routing protocol, since, for each node,
the route to destination is on demand discovered only Wherf"

is needed.
Since the field of Mobile Ad hoc Network is still in its

developing stage, not many MANETs have been deploy@
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based. These simulations have several parameters such as
the mobility model, traffic pattern, propagation model, ttc
name a few. We acknowledge that these and other factors
like channel characteristics, MAC effects, etc do impaet th
protocol performance. However, we realize that the study of
the interplay of these factors may be very complex. Hence, in
this paper, we only focus on developing a detailed approach
to study the effect of mobility on the performance of reaetiv
MANET routing protocols like DSR [3] and AODV [6].

Unlike the existing internet, the MANET environment is
resource-constrained, i.e., the mobile nodes have théelimi
bandwidth and constrained power. Thus, it seems that pro-
viding guaranteed quality of service in MANETSs is not a
trivial task. Moreover, mobility is also expected to affect
the service quality significantly. For example, the frequen
topology changes caused by node movement in high mobility
scenarios may result in the disruption of established mute
leading to packet losses and substantial degradation witser
quality. Thus, in order to design paradigms of service duali
in MANETS it is essential to understand the impact of mopilit
on performance. We believe that the mobility factor needs to
be taken into consideration at the design phase, and not just
nsidered as an after thought, e.g., during evaluationis
aper, as the first step, we aim to gain a deeper insight into
e characteristics of mobility itself.

Ehls paper proposes a novel approach to understand the
zect of mobility on protocol performance. It uses statasit
alysis (of simulation data) to obtain detailed statstif
and path duration including their Probability Density

%case study of DSR, it shows a strong correlation between
the reciprocal ofaverage path duration and the throughput
Hd overhead of reactive protocols. Further, the approach
uses a case study of DSR to demonstrate how fath
duration PDF can be used to analytically determine the non-
aopagating cache hit ratio in the freeway mobility model.
Recently, there has been a greater focus on a systematic
study of the effect of mobility on the performance of rout-
ing protocols. [21] proposed the IMPORTANT framework
to systematically analyze the effect of mobility on routing
protocols. In this framework, the authors proposed to eval-
uate the MANET routing protocols using a “test-suite” of
mobility models that span several mobility charactersstike
spatial dependence, geographic restrictions, etc. Theskels
included the Random Waypoint (RW), Reference Point Group
Mobility (RPGM), Freeway (FW) and Manhattan (MH). They
found that mobility significantly impacts the performande o



the protocols, which is in agreement with several otheristud cally model protocol performance (using the case study

Moreover, they also proposed a reason Why mobility of the non-propagating cache hit ratio in DSR for the
impacts performance: Mobility impacts the connectivitggin FW model).

(average link duration in particular) which in turn impatht® ~ The rest of the paper is organized as follows: Section II
protocol performance. gives an overview of the related work. Section Ill sets our

To explain How mobility impacts the performance, [22]\ork in context with the recent work in this area. Link and
introduced the BRICS methodology. It proposed that a prgath duration are formally defined in section IV. Section V
tocol could be considered to be made uppairameterized discusses our simulation setup while the results of these si
“building blocks” or basic mechanisms. The effect of mdbili yjations and analytical models for path duration are diseds
on the entire protocol can be explained in terms of its effegf section VI. Section VII gives first order analytical moslel
on these “building blocks”. Some of the “building blocks’e|ating the path duration statistics (PDFs and averages) a
proposed by BRICS for reactive protocols were floodinghe protocol performance of reactive protocols using treeca

caching, error detection, error notification and error vecy.  study of DSR. Our conclusions and future work are listed in
Both DSR and AODV use these “building blocks” in theitsection VIII.

operation. However, they still behave differently for a agiv

mobility model. BRICS suggested that a possible reason for

this difference might be the different parameter settirggtie ] ) o ]

“building blocks” in AODV and DSR. This leads to different [N this paper, we study the detailed statistics of link and

impacts of mobility on these mechanisms. A brief overvieRath duration including their PDFs across a rich set of nitgbil

of the work done in [21] and [22] is given in the section |||lm_odels. As mentloned in section _I, we believe such a study
In this paper, we develop an approach that combines shgight help in formulating analyt_lcal models for protocol

tistical analysis of simulation data and analytical mauigli Performance across these mobility models. However, such

to get a deeper understanding of the protocol performancedinthought was inspired by other pioneering work done in

the presence of mobility. [21] concluded thateragelink MANET research.

duration is a useful metric for relating mobility with preto

col performance. At the same time, intuitively, the protocg\, Mobility Models:

performandcehd((ajpen_ds on tge gtératio_n O].c a_path betwezn th'R/Iobility models for simulations have been one of the early
source and the destination. Path duration is significantie topics of research in this field. One of the early contribusgio

t? link durar:ioln. It is a?:tllJaIIy thi minirrr]ujjm Iir_1k dgration as made by Broch, Maltz, Johnson, Hu and Jetcheva where
along a path. In general, longer the path duration, better ey evaluated DSR, AODV, DSDV [4] and TORA [20]

perform:_;mce ?n terms of throughput ar_ld overhead. HOWGVSE:mg the RW model [2]. They concluded that mobility does
the relationship between the path duration and protoc@®per ., the performance of routing protocols. To evaluagseh

mance (throughputand overhead) has not been categorized Qfl%tocols over a wider range of scenarios, Johansson,dgrss
In this paper, we examine the detailed statistics of link jaauith Hedman, Mielczarek and Degermark pr,oposed the ,scenario
duration including.PDFs across the “test-suite” of mqbilit ased pérformance analysis [14]. In this study they prapose
modgls pr'oposed in [21]. We then attempt t(,) categorize t bility models for disaster relief, event coverage and-con
relationship between the average path duration and prbtoFé)rences_ Haas [9] introduce a mobility model in which the
performance as either strongly (or weakly) linearly (or N urrent velocity of a node may depend on its previous velocit
linearly) related. We also relate the path duration PDFs ong, Gerla, Pei and Chiang proposed the Reference Point
the impact of mobility on the “building blocks” of reac_tiveGroué MobiI,ity (RPGM) model in [11]. One of the main
protocols. The c.:o.ntnbutlons ,Of .th|s stgdy are the follogmn. applications of this model is in battlefield communications
1) Characterizing the stafistics of link and path durationrge aythors give several other applications of RPGM in [11].
including PDFs for the different mobility models usequjle defining their framework, [21] proposed to evaluate th
in our study using simple statistical analysis. This alsgyqiqcols under a richer set of mobility models. Apart from
leads to a characterization of link and path durat'orlﬁingthe RW and RPGM, they used two other mobility models

based on the communicating traffic pattern. i.e. the FW and the MH models. In this study, we use these
2) Investigating possible distributions to approximate th, ,r models for our simulations.

path duration PDF across the mobility models used. At
moderate to high mobility, we suggest that an exponen- )
tial distribution with an appropriate parameterization i§- Protocol Independent Metrics:
a reasonable approximation for the path duration PDFApart from analyzing the effect of mobility on protocol
across most of the models used in our study. performance, it is useful to characterize mobility indegemt
3) Establishing a linear relationship, through simple firsif the protocols. Hence, there have been several attempts to
order analytical models (that are validated by simulatigoropose mobility metrics. Johansson, Larsson, Hedman; Mie
results), between the reciprocal of the path duratimrarek and Degermark proposed the relative motion between
and protocol performance, that helps explain sevenalobile nodes to distinguish the different mobility modeted
performance trends under various mobility models. for their scenario based study in [14]. [21] used the metrics
4) lllustrating the use of the path duration PDF to analytof relative motion and average degree of spatial dependence

Il. RELATED WORK



to characterize the different mobility models used in the®. Analytical Models

study. They also proposed the connectivity graph metricsapart from simulation-based studies, the MANET research
as a “bridge” relating the mobility metrics to the protocojiterature also contains analytical work on mobility ana-pr
performance. They found that average link duration at thgco| performance modeling. One of the earliest analysis of
graph level could explain this relationship. Hong, Gerlaj Pmobility was done by Mc Donald and Znati in [7]. They
and Chiang proposed the rate of link change as a metric{8ed a RW like mobility model and derived expressions for
differentiate the various kinds of RPGM and RW models ithe probability of path availability and link availabilitjor
[11]. We agree with [21] and [11] that the connectivity grapQifferent initial conditions. Stochastic properties oftRW
characteristics might help in relating mobility with pro® mgdel were studied recently in [24], [25] and [26]. Su,
performance. As mentioned in section |, we believe that th@e and Gerla exploited the non-random movement of mobile
path duration can also be added to this set of connectiVjiydes during intervals to predict its location in [12]. They
graph metrics. Moreover, unlike other studies, we not onltoposed a model for link duration and evaluated it using the
examine the averages, but also focus on the detailed &t8tisRyw model. In this paper, we examine the detailed statistics o
including the PDFs of link and path duration across sevelglk and path duration including PDFs across several mighbili
mobility models. models used in our study. Gruber and Li presented a very
detailed analysis of link duration times for a two hop MANET
in [27]. In this study, the distribution of the link duration
appeared to be exponential. Their analysis assumed that the
C. Reactive Protocols: source and destination are fixed while the intermediate &op i
moving using the RW model. The exponential distribution of
In this paper, we focus on evaluating the reactive MANE[ihk duration also comes up in the analysis of single path and
routing protocols like DSR and AODV. There have beemyitipath DSR by Nasipuri, Castaneda and Das in [23]. They
several studies to compare both proactive and reactiveWputassumed that the link durations are exponentially disteithu
protocols. [15], [17], [3], [16] and [5] give a very goodjndependent random variables (i.i.d) and analyticallyivaer
exposition of this subject. Here, we discuss the work theti$o the distributions for path duration, which turns out to be
completely on reactive protocols. Johnson, Maltz and Brogikponential as well. The underlying mobility model was not
proposed DSR in [3], while AODV was proposed by Perkingery clearly specified. Moreover, the exponential distitu
in [6]. Maltz, Broch, Jetcheva and Johnson gave a very cogssuymption was not validated by simulation or real data.
prehensive analysis of DSR in terms of its basic mechanismpired by these studies, in this paper, we examine the
of route discovery and caching [5]. They proposed seveigtailed statistics of link and path duration including RDF
optimizations for reducing the route discovery overheadsM zcross the RW, RPGM, FW and MH models. We observe
of these optimizations are now part of the DSR implementatignat under certain conditions the path duration PDFs can be
in the network simulatorns-9 [19]. Das, Perkins and Royer gpproximated by exponential distributions for the modsisc
compared the performance of AODV and DSR in [16]. They, our study. We demonstrate the effect of the number of hops,
observed that DSR outperformed AODV in less demandife transmission range and the relative speed of the mpobilit
situations, while AODV outperformed DSR at heavy traffignodel on the path duration PDF. Using the case study of DSR,
load and high mobility. To explain these differences, thge propose simple analytical models that relate the average
BRICS methodology was proposed to decompose protocgigth duration to the performance of reactive protocols.s€he
into basic “mechanisms” [22]. It illustrated an approach fonodels can also be extended for the performance of AODV.
this decomposition by suggesting a common architecture thgy pSR, we also show how the path duration PDF can be
encompassed both AODV and DSR. Though both AODV anghajytically related to the performance of the non-progiaga

DSR consist of similar mechanisms or “building blocks” {thacgche hit ratio “puilding block” in the FW model.
are parameterized), they behave differently in the preseific

mobility. Some of these mechanisms are caching, floodiieg, et Ill. BACKGROUND

BRICS claimed that this difference arises due to the difigri Our approach of evaluating the protocols across mobility
impact of mobility on the mechanisms of the protocols. Theodels was inspired by the IMPORTANT framework pro-
difference in impact on the mechanisms seems to arise fr@gmsed in [21]. This framework made an attempt towards the
the different parameters chosen by these protocols foretheystematic evaluation of the impact of mobility on MANET
mechanisms. In this study, using the case study of DSR riouting protocols. It defined protocol independent metrics
the FW model, we propose an analytical model relating thi&e the average degree of spatial dependeri2g,f;.;) and
path duration PDF to the performance of one of the “buildintpe average relative spee®S) to capture certain mobility
blocks” i.e. the non-propagating cache hit ratio. Both [S¢haracteristics. One of these characteristics was thentexte
and [22] consider this mechanism to play an important rote which the motion of a node is influenced by nodes in
in determining the routing overhead of DSR (and reactiits neighborhood (which is captured b9g,qtia). Another
protocols in general). Moreover, through first order ane#yt characteristic was the presence of geographic restriction
models, using the case study of DSR, we also show th®bility. Once these metrics were defined, mobility models
relationship between the average path duration and théveacthat spanned these mobility characteristics were chodsesel
protocol performance. models were:



1) Random Waypoint (RW): As simulation starts, a node mechanisms (and their parameters) used in this phase
randomly chooses a speed and destination, and moves are:

towards it. Each node moves independently of other a) Flooding: It is responsible for distributing the
nodes. Upon reaching the destination, the node stops source’s route request in the network. Its parameter
for Tj,quse time before moving to the next destination. is the range of flooding, which is specified by the
This procedure repeats until simulation efds. Time To Live (TTL) field in the IP header.

2) Reference Point Group Mobility (RPGM): Nodes b) Caching:Caching is an optimization to reduce the
move in either single or multiple groups. The movement overhead of flooding. If a node has a cached route
of a node in a group is strongly influenced by the leader to the destination, it will reply to the source’s
of the group. route request. Its parameter is whether aggressive

3) Freeway (FW): Each node moves in its lane on the caching should be used. i.e. should the nodes use
freeway. Its movement is constrained by nodes moving all the overheard route replies and should they
ahead of it in the same lane. cache multiple routes to the destination.

Route Maintenance PhaseThis phase is responsible
for maintaining the path between the source and the
destination. The basic mechanisms used in this phase are
Error Detection Error NotificationandError Recovery

Different mobility patterns folllowing the .above mobility  goih DSR and AODV make different choices for the param-
models were generated by varying the maximum speed of i@ of the “building blocks” mentioned above. For example
mobile nodes. The mobility metrics of these mobility pateer ;,, ihe caching “building block”, DSR performs aggressive
were evaluated. Using these patterns, simulations Wermrurbaching while AODV does not. In the flooding “building
the network simulatorr(s-2 environment with the CMU Wire- |0 “hefore flooding a route request in the network, DSR
less Ad Hoc networking exFensmn to evaluate the performgqgsues a route request with a TTL of 1 (non-propagating route
of DSR, AODV and DSDV in terms of throughput and routingeqest). On the other hand, AODV performs an expanding
overhead. To explain the relationship between the mObI|IHﬁg search (with TTL = 1, 3, 5 and 7) before initiating
metrics and the protocol performance, certain connegtivif,o flooding. As in [22], we define thenon-propagating
graph metrics were defined. Some of these metrics were fighe hit ratio as the ratio of the route requests which are
number of link changes, the path availability and the averagngyered by the one hop neighbors to the total number of
link duration. For their study, the most useful of these Orapgye requests. [22] observed that the “building blocks? ar
metrics was the average link duratidrl)), which could help jmpacted differently by a given mobility model, depending o
in relating the mobility metrics to the protocol performancineir choice for the parameters. Moreover the performarice o
metrics. _ o the entire protocol is determined by the performance ofehes

The study observed that, given a communication traffigiiding blocks. For example, the overhead of the protosol i
pattern, the underlying mobility pattern does have a sigaifi  affected by the non-propagating cache hit ratio. Higher the
impact on the performance of routing protocols. MoreoVer, jatio, lower will be the frequency of route request flooding.
concluded that there is no clear performance based rankindgthce hoth AODV and DSR use different caching strategies,
the protocols across these mobility models. this non-propagating cache hit ratio for the two protocols

To explainWhy mobility affects the protocol performancemight be different, which leads to different routing oveatls
[22] proposed the BRICS methodology to systematically deor these protocols for a given mobility model.

compose routing protocols into basic mechanisms or “bugdi  Against this background, in the next section, we formally
blocks”. This methodology claimed that the difference ie thdefine the link and path duration metrics.

protocol performance comes from the fact that the basic mech
anisms (or “building blocks”) of these protocols are diéfet.
For example, DSR and AODV are reactive while DSDV is
proactive. However, although DSR and AODV belong to the One of the main challenges for routing in MANETSs is to
class of reactive protocols, they behave differently foiiveery deal with the topology (connectivity graph) changes réslt
mobility model. To understand this difference better, BRICfrom mobility. The performance of a protocol is greatly
proposed the following possible decomposition of the fieact determined by its ability to adapt to these changes. Reglizi
routing protocols: this, researchers have proposed metrics to characterize th
Reactive protocols consist of two major phases: effect of mobility on the connectivity graph with an aim to

1) Route Setup Phaseln this phase, a route between thé:xplain the effects of mobility on protocol performance. We

source and destination is setup on demand. The bagfgine the link duration and path duration metrics in this
section.

1In a recent publication [13], Yoon, Liu and Noble pointed tbat the First, we mention some commonly used symbols in this

original Random Waypoint model is unable to reach a steaatg s terms  S€Ction. Let

of the level of mobility. Correspondingly, they proposed adified Random

Waypoint model. However, in our simulation, we still use @nginal Random 2Although, the initial design does not specify the expandimy search,
Waypoint model distributed within network simulatos-2 the ns-2implementation of AODV uses the expanding ring search.

4) Manhattan (MH): Nodes move on a grid. As in the FW )
model, each node is constrained by nodes moving aheac?
of it. However at the cross points of the grid, a node is
free to change its direction unlike the FW model.

IV. CONNECTIVITY GRAPH METRICS



1) N be the total number of nodes. A. Mobility Patterns

2) Di;(t) be the Euclidean distance between nodesid  The mobility patterns are obtained from the mobility sce-
Jj attimet. o _ nario generator mentioned in [21]. This scenario generator
3) R be the transmission range of the mobile nodes.  roduces the different mobility patterns following the RRG
The connectivity graph is the gragh = (V, E), such that Fw and MH models according to the format requiredrisy2
V] =N.Attime t, alink (i, j) € £ iff D;;(t) < R. In all these patterns, 40 mobile nodes move in an area of
Let X (i, j,t) be an indicator random variable which has 3000m x 1000m for a period of 900 seconds. The values
value 1 iff there is a link between nodesand ;j at timet. for the transmission range will be mentioned in sections V-B
Otherwise, X (i, j, t) = 0. and V-C when the link and path durations at the connectivity
1) Link Duration: For two nodesi and j, at time ¢1, graph level and the protocol level are measured. RW mobility
duration of the link(i, ) is the length of the longest time pattern is generated using tsetdesttool which is a part of
interval [t1,t2] during which the two nodes are withinthe ns-2distribution. For RPGM, we use 2 different mobility
the transmission range of each other. Moreover thesgenarios: single group of 40 nodes and 4 groups of 10 nodes
two nodes are not within the transmission range at tim&ch moving independent of each other and in an overlapping

t, — € and timet, + € for e > 0. Formally, fashion. Both Speed Deviation Ratio and Angle Deviation
LD(i,j,t1) = ts — 1 Ratio are set to 0% For the FW and MH models, the nodes

) are placed on the freeway lanes or local streets randomly

iff Vity <t <ty >0 : X(i,jt) =1and jn poth directions initially. Their movement is controlle

X(i,j,ti —€) = 0 and X (i, j, 12 + ¢) = 0. Otherwise, per the specifications of the respective models. The maximum

LD (4,4, t1) = 0. speedV,,.. is set to 1, 5, 10, 20, 30, 40, 50 and 60 m/sec

2) Path Duration: For a pathP = {ny, ny, ...nk}, CONSISt- 5 generate different movement patterns for the same bl
ing of k nodes , at time, path duration is the length 1,qqel.
of the longest time intervalt[, £,], during which each  once, the mobility patterns are obtained, we measure the
of the k — 1 links between the nodes exist. Moreover, gink and path duration across them. For path duration, it can
time ¢, — e and timet; + ¢, € > 0, at least one of the pe gjther calculated as the duration of shortest path betwee
k—1links does not exist. Thus, path duration is limitedrce-destination pairs based on their location infoionat
by Fhe duration of the Imks anr.lg' its path. SpeC|fIQa||yor measured by monitoring the status of traffic flowrig-2
at timet,, path duration is the minimum of the durationg;jmy|ation. We define the path duration (of the shortest)path
of the k — 1 links (n1,n2), (n2, n3)...(nk—1,mx) at ime~ cajcylated from the mobility trace file, as tpath duration
t1. Formally, at connectivity graph level while the path duration collected
PD(P,t;) = min LD(n,,n..1,t) underns-2 simulation environment is thpath duration at
_ 1seskol . ~ routing protocol level. Our procedure for measuring these
Thus, both link and path durations are a function of timeéwo path durations is described in the next two sections.
Link duration has been studied before across the “test’suit
of mobility models in [21]. However, that study was based 08 \easuring Link Durations and Path Durations at Connec-
average values. Here, we also examine the PDFs of the ”L'i\hty Graph Level
and path duration across these mobility models. We believe

that this approach might give a deeper understanding of th.ézqr the purpose of r_n_easuring the link and path duration
impact of mobility on the protocol performance. PDFs ar@stnbuuons at connectivity graph level, we use the feflog

estimated using simple statistical analysis of the sinmat values for the transmission rangzof the mobile nodes:.SO,
data. The simulation settings for estimating the PDFs a?‘go’ 150, ?00 and 250m. Acro;s_ all these values, the link and
discussed in the next section. path durations at the connectivity graph level are measured
using our mobility trace analyzer program. Given a mobility
V. SIMULATION SETTINGS trace file, this program calculates the link and path dunatio
Having defined the metrics, as mentioned in the introdub&tween mobile nodes based on their location information.
tion, we focus our attention on obtaining the detailed stigg 1 his calculation might get complicated due to node mobility
of the link and path duration across the different mobilitft common way to simplify the procedure is to take a series
models used in our study. We simulate the node movem&t'Snapshots” of the network connectivity graph during the
according to the “test-suite” of mobility models proposed jSimulations. For each snapshot, the connectivity graph can
[21]. For each mobility model, we collect the detailed stitis be considered static and analyzed. In our study, we take a
of the link and path duration at both the connectivity grapf@Pshot once every second. Once the snapshot of the network
level and the routing protocol level. The details of the nligbi cONNectivity graph is taken, the link and path durationsioan
models used are mentioned in section V-A. The collection &adily measured as follows:
statistical data on link and path duration at the connagtivi 1) Link Durations at Connectivity Graph Level: The
graph level is mentioned in section V-B while the collection ~ status of a link between every pair of nodes within the
of the corresponding data at the routing protocol level is, - , . i i
. . . 3 . . Speed Deviation Ratio and_ Angle Deviation Ratio are deflqed[Zl].
discussed in section V-C. Finally, the method to estimage tkﬁhey control the extent to which the group members can deviam the
PDF is introduced in section V-D. leader in speed and direction.



transmission range of each other is monitored durirte transmission rangg is set to 250m. The traffic consisted
the simulation. The link duration is calculated as thef 20 Constant Bit Rate (CBR) sources and 30 connections.
interval between the time when the link is created anthe source destination pairs were chosen at random. The data
time when it breaks. This is done for every link thatate used was 4 packets/sec and the packet size was 64 bytes.
comes into existence during the simulation. The differefithe mobility patterns generated in section V-A were used for
link durations are then sorted into bins of 1 sec, 2 se¢bese simulations.
... 900 sec (simulation time).

2) Path Durations at Connectivity Graph Level: The D. PDE estimation:

status of a path between every source - destination ) . .
pair in the network is monitored. The path duration After having sorted the samples of link and path durations

is counted as the interval between the time whdRtO bins as mentioned above, we plot a histogram of these
the path is set up and the time when the path flurations for the mobility scenarios mentioned in section V
broken. However, there can be potentially exponentidt FOr link durations, we plot the histograms for the diffiere
paths between any specific source - destination pa{WPb'“ty models and dlffere_nt maximum veloc_|t|_é$,m for
Analyzing the duration of all these paths might nogach model. For path dura_tlons at the connectivity grapd_ai,lev
be feasible. As an approximation, we define the paWfe Plot the histograms vis-a-vis the number of hdpsn
duration at connectivity graph level as the duratiof® Path for the various mobility models, various maximum
of the shortest pafn The shortest path between thevelocities V.. for each model and different values &t

source and the destination is computed by Breadth For path duration at the routing protocol level, most of the
First Search(BFShlgorithm [28]. The path duration is above prpcedure is repeated for a fixed value of R i.e. 250m
measured for all source-destination pairs in the networ§@S mentioned at the end of section V-C). ,

The different path durations thus obtained are thenHaving collected a large set of samples for link and path

sorted into bins of 1 sec, 2 sec ... 900 sec (simulatidjrwations’ we use the relative frequency approach (from- sta
time). dard probability theory) to estimate the PDFs of the link and

path duration across the different mobility models usedun o
study [29].
Once, the PDFs are determined, we compute the average
C. Measuring Path Durations at Routing Protocol Level  path duration for all the sample sets.
Most existing MANET protocols, in general, select shortest Our observations from these simulations and measurements

(min-hop count) paths. Hence, one may argue that the pafi¢ discussed in the following section.

duration of the shortest paths at the connectivity level is a

good approximation of path duration collected uncher2 VI. OBSERVATIONS AND ANALYTICAL MODEL
simulation environment. However, the behavior of paths in 1 purpose of examining the detailed statistics of link
the ns-2simulations may differ from the behavior of shortest, |4 path duration across the “test-suite” of mobility medel

paths because routing protocols may not choose the shor{gst 1, gain a deeper understanding of the impact of mobility
path always. In addition, the path duration at the protocgl, the protocol performance. At the connectivity graph lleve
level may not be the same for the various routing protocals. spserve that for low/,,..., some models like FW and
since their detailed mechanisms differ (e.g., in reactiog kpgw (4 groups) have multi-modal distributions for botrklin
network dynamics and error recovery). Thus, we develop ofiation and path duration. However, for moderate and high
own packet tracer program under standasd2 environment .65 ofy;, ' path durations at the connectivity graph level
to analyze the path duration at the routing protocol level. L5 he approximated as exponential distributions for mést o
the simulation, the packet tracer program follows each dajg, models used in our study. Moreover, we also learn some
packet on i_ts way f_rom_ source to destination and records_tfégsons about the effect of traffic pattern on these digtahs.
necessary information including the whole sequence ofedsi \yq firt giscuss the link duration PDFs and follow it up with

nodes along the path in the header of data packet. For, &iscyssion of the path duration PDFs at connectivity graph
specific traffic flow, the path duration at routing protocalde level. Then, we show that the conclusions drawn from the

can be gasny est|mate_:d by meas“”“g th_e interval betwe_(%servations of path duration at connectivity graph level a
consecutive packet arrivals at the destination and com@arky s, valid for their counterpart at routing protocol leve.

the paths taken by these packets. Then, the path duration,i§ section, because of space restriction, we only present
measured for all ongoing traffic flows in the network. Finally, , her of PDFEs of link duration and path duration for the
the different path durations thus obtained are sorted iime brepresentative cases, among many others.

of 1 sec, 2 sec ... 900 sec.
Our simulations to collect path duration at routing profoco ) o
level were run in thens-2 environment. In these simulations/A- Link Duration PDFs at the connectivity graph level
When V,,,... is small i.e. 1 or 5 m/sec, the link duration

4Thus, in general the one hop path duration is not the sameeatinth PDFE has a multi-modal distribution for the FW and
duration. If a path of more than one hop already exists betvke source

and the destination before they come within range of eackrotie still the _RPGM m_OdeI (with four groups). For the r_est of the
monitor the original shortest path until it breaks. section we will refer to a “peak” as a cluster in the PDF.
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due to the links between the nodes from different groups, and
For example, as shown in Figure 1 there is a big peak fihe peaks to the right of 300 sec are due to the links between
the link duration PDF for the FW model (at around 100 sec)yodes within the same group. The area under the left peaks is
Through simulation, we identify that this peak accountstiier more due to a larger number of inter-group links as compared
links between mobile nodes moving in the opposite direstiorto the intra-group links in our scenarios.

There are several small peaks centered at larger values qf-lowever, the link duration PDFs for the RW, MH, FW and
link duration (for example at around 250 sec). These peajy, RPGM (with 4 groups) do not exhibit the multi-modal
account for the links between mobile nodes moving in thgehayior forV;,,,, > 10 m/sec. The link duration PDF for the
same direction. The peak on the left side dominates the PRy model, RPGM (4 groups) and the FW modelVat,, =

i.e. the area under the peak on the _Ieft s_ide is r_'nqch 1arg8y m/sec are shown in Figures 3, 4 and 5 respectively.
than the area under the peak on the right side. This is because ) o
the links between nodes traveling in opposite directiores ar MOreover, for the RPGM (single group) model, it is ob-
frequently broken and the number of such instances is largdved that most of the links have a duration of around 900
compared to the links between nodes traveling in the sarsfeconds (simulation time) i.e. most of the links last for the
direction. entire duration of the simulation. Since it does not conuey a

A similar phenomenon is also observed for RPGM (with new information, we do not show the link duration PDF for
groups) at small velocities as shown in Figure 2. However, i€ Single group case.
this case, we observe multiple peaks of almost similar $are ( Having examined the link duration PDFs across the models
example at around 100 sec, 200 sec, 280 sec and 350 sec).0dexl in our study, we discuss the path duration PDFs at
peak to the left of around 300 sec are slightly larger and arennectivity graph level in the next section.
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B. Path Duration PDFs at connectivity graph level the FW and RPGM (with 4 groups) models at low speeds and
We observe the multi-modal behavior for the FW model small path lengths, we can learn some useful lessons abmut th
and the RPGM model (with 4 groups) whenV,,,. is small effect of the traffic pattern on the protocol performance. At
(i.e. around 1 or 5 m/sec) and path length is short (i.e. small speeds, if most of the communication traffic is between
only one or two hops).For example, as shown in Figure 6hodes on the same lane (for the FW model) or between nodes
two strong concentrations of values exist in the path domatiin the same group(for the RPGM model), greater will be the
PDF for the FW model. The concentration of values on thgath duration for this traffic, which will also result in high
left (at around 75 sec) with large area seems to consist aferage path duration. Thus, intuitively the throughput e
paths containing nodes going in the opposite direction. Thégher. On the other hand, if most of the communication taffi
concentration of values on the right (at around 400 sec) wih between nodes in opposite lanes (for the FW model) or
a smaller area seems to consist of paths containing the nobetveen nodes in different groups (for the RPGM model), the
going in the same direction. We also notice a similar multpath duration for this traffic will be lower, leading to a lowe
modal behavior for RPGM (with 4 groups) as shown in Figuraverage path duration. This would result in lower throughpu
7. The concentration of value with larger area on the left (ahd higher routing overhead. Although, these explanations
around 30 sec) consists of paths having inter-group linkélew seem intuitive, we now have strong evidence (based on the
the concentration of value with smaller area on the right (aoncentrations of values in the path duration PDF) to back
around 110 sec) is composed of paths containing intra-groliigse intuitions.
links. Similar to the link duration PDF, the concentratioh o The path duration PDF for the RW, FW, MH and RPGM
value on the left dominates the PDF for both FW and RPGNodels seems to be exponentially distributed whiggp,, > 10
(with 4 groups) models. m/sec andh > 2. Figures 8, 10 and 9 show the path duration
From the multi-modal PDFs for link and path duration foPDFs for the RW, FW and RPGM (with 4 groups).
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Thus, from our analysis, we observe that ifV,,,, > 10
m/sec andh > 2, then the path duration at connectivity path duration at routing protocol level for FW model in DSR
graph level for the RW, MH, FW and RPGM can be and AODV respectively. Similarly, multi-modal distribati is
approximated by an exponential distribution. In the next also found in RPGM model for DSR and AODV. Due to the
section, we show that the above conclusion holds for the pdithited space, we do not show the corresponding graphs. As

duration at routing protocol level. the velocity and path length increase il§,,,, > 10 m/sec
and h > 2, we observe that the PDFs of path duration at
C. Path Duration PDFs at the routing protocol level routing protocol level seems to be exponentially distrolit

- . . . ..as well. Figures 13 and 14 show the path duration PDFs of
In addition to studyl_ng the path .QUratlon at.connectlvn}bSR for FW and RW model while Figures 15 and 16 present
graph through analyzing the mobility trace file, we als9ne path duration of AODV for FW and RW model. Hence

?ﬁjm;rgieﬂ?agg:at:gnrg:npdai‘g;S";etdmﬁ;i;':?g*a\t}ogs%zzgs the conclusions made for path duration at connectivity lgrap
P prog . - TNESESE el in the previous section still hold for the path duratit
validate our conjecture that the path duration at connn?;ctlvrouting protocol level
0 :

graph level is a reasonable approximation of path duration
routing protocol level, even though they may differ from leac
other in some detailed aspects.

For both DSR and AODV in ouns-2simulations, we again ~ When compared to the PDF of path duration at connectivity
observe that the multi-modal distribution for FW and RPGMraph level calculated from mobility trace files, we find that
model (with 4 groups) if path length is short ang,,, is PDFs of path duration at routing protocol level collected
small. For example, as shown in Figure 11 and Figure 12nderns-2simulation are slightly “left-shifted”, i.e., the center
two concentrations of values can be observed in the PDFsabdfthe latter PDFs lie at the left side of the center of the
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former PDFs. It indicates that both DSR and AODV have a
slightly smaller average path duration value than the @eera
path duration calculated from the connectivity graph. Tigto
tracing packets in the simulation, we identify the plausibl
reasons are: (1) Both DSR and AODV may choose the non-
shortest paths in some scenarios, resulting in the lowdr pat
duration. (2) Both DSR and AODV may migrate the currently
used path to another valid path with smaller metric or freshe
sequence number even though the currently used path is not
broken, which leads to a smaller path duration than that of
connectivity graph where the currently used path does not
migrate until it is broken.

Thus, since the path duration at routing protocol level is
shown to be similar to the path duration at connectivity grap
level, we only focus on the path duration at connectivitypgra
level in the remaining part of this paper. Without mentignin
specifically, the term path duration means path duration at
connectivity graph level.

In section VI-D, we develop a simple analytical model
to characterize the path duration PDF across these mobility
models. We then relate the path duration statistics (PDF and
average) to the performance of reactive protocols by usiag t
case study of DSR in section VII.

D. Analytical model for the path duration pdf

For our study, we assume that the path duration for the
mobility models is exponentially distributed. Howeverjsth
assumption is valid only under the conditions mentioned at
the end of section VI-B. Now, we try to characterize this
distribution for each mobility model i.e. develop a model fo
the parameteh,, .., of this distribution. Intuitively,A .., has
the following properties:

1) Greater the number of hops in the path, the more
likely a path is to break, thus the average path duration
decreases (i.€\pqp inCreases). Hence\,,.p, o h.

2) As the average relative spe&dincreases, link duration
decreases and hence the average path duration decreases
(i.e. Apatn increases). Hence\,,p, o V.

3) As the transmission range R increases, link duration
increases, the average path duration increases\(i.s,
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decreases). Hencg,qi, o 5.

Thus,
hV
Apath = Ao 1) 1000 ‘ ‘
where )\ is the constant of proportionality. i L ey o)

The above model fok,.., is verified by our simulations in
section V. Figures 18, 19 and 20 show that the average pat
duration estimated from the statistical analysis in sectieB
varies inversely ag, inversely asV,,,., and directly ask. In
our analytical model, the average path duranmyﬂs— since
the path duration is assumed to be exponentlally distribute
with parameter\,,,. In Figure 18, the curves for RPGM (4
groups) and FW appear to be truncated. This is because i
our scenarios, the longest path for these models has 6 an
5 hops respectively, while the RW model has a longest patt i L L L n 1 3
of 8 hops. Moreover, although we show the effectiaf,.. Maximum Velocity (m/sec)
on the average path duration, the average relative speed ar
Vinaz a@re almost linearly related across all mobility modelBig. 19. Effect of Vmax on the average path duration for h = @ &=
[21]. Hence, the relative speed will have a similar effect ofpO™ (inverse relationship)
the average path duration. The variation of average relativ
speed withV,,,,.. is shown in Figure 17.

The constand is independent oV, h and R. The constant

G—© Random Waypoin|

=
o
=}

T T T

=
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Average Path Duration (sec)

factor \g is determined by the map layout, node density an 20 ‘

other detailed parameters of mobility scenarios. Under tr A Froenay

same mobility model), remains same for variods, h andR [ (S} g;gd&zmypoi)n ]
groups,

value. However) is different for different mobility models;
Ao is even different for the same mobility models with differen
map layout, node density or other parameters. In sectiamell,
show the values o\, for some of our simulation scenarios.
From these values, we observe that, in most casegmains
almost constant for a given mobility model across differen
values ofh, V and R.

Thus, the Probability Density Function (PDF) of the patt
duration across most of the mobility models used in our stud

15— —
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. . . . . 1 | |
can be approximated as an exponential distribution: %o 100 150 200 250

Transmission Range (m)
MhV  —xghv
fla) = SoeTwo T )
R Fig. 20. Effect of R on the average path duration for h = 2 anda¥m 30
The Cumulative Density Function (CDF) of the path dum/sec (linear relationship)

ration across the mobility models used in our study can be
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approximated as follows: Now,

Z2onv. D
F(z) = 1l—-e # 7 3) Throughput = —
We conducted the Kolmogorov Smirnov (K-S) test on these D
CDFs. The D-statistic for the PDFs shown in Figures 8, 9 and T Trew
10 is 0.13, 0.17 and 0.19 respectively, which shows that the 1 treppir
exponential distribution is a reasonable approximatiaritie — (- trepair\ D
path duration PDF [29]. A detailed description of the K-S PD "Tfiow
test and its results are shown in the Appendix. B trepair
In the next section, we show how this PDF can be related = (- PD )r ®)
to trends in performance of reactive protocols. Overhead:
The overhead analysis is done as follows:
VII. UTILITY OF PATH DURATION STATISTICS 5 gives the number of route requests issued by DSR in
A. Relating the average path duration to performance ¢ime T. A fraction p (the non propagating cache hit ratio) of
reactive protocols these requests is replied by the first hop neighbors and thus

As mentioned in section I, one of the objectives of oupeeds only one route request transmission. For the rengainin
study is to find whether the protocol performance is weakgaction (1 —p), flooding of the route request will have to be
(or strongly) linearly (or non linearly) related to the pattflone leading to N t_ransmissions of the request. In genéral, t
duration. In this section, we give a simple first order motatt ©verhead of DSR (in terms of number of route request packets
shows that the throughput and overhead are in a strong lin88Pt) can be given as follows:
relationship with the reciprocal of the average path darati

We use the case study of DSR. T

Before we derive the analytical model to study the rela- Overhead = ﬁ((p)l +(1-p)N) Q)
tionship between path duration and protocol performance inFrom equations 6 and 7, we make an interesting observation:
terms of throughput and routing overhead, we first define th\ere exists a linear relationship between the reciprocal o

commonly used variables in this section. Let the average path duration and the performance in terms

1) N be the total number of nodes. of both throughput and routing overhead. The correlation

2) T be the total simulation time. is positive between the reciprocal of the average path dura-

3) Ti0w be the time during which actual data transfer take#on and overhead while the correlation is negative between
place at maximum rate. the reciprocal of the average path duration and throughput.

4) trepair D€ the time spent to repair a broken path eaghtuitively, higher path duration results in a higher thgbput
time. and lower overhead.

5) T,epair D€ the total time spent in repairing broken paths In order to validate the above models, we measure the Pear-
during the time T. son coefficient of correlation between reciprocal of therage

6) PD is the average path duration. path duration and throughput we recorded in the experiments

7) f is the frequency of path breaks,= %. we find that the coefficient between DSR throughput and the

8) D is total data transferred during simulation. reciprocal of the average path duration for the same set of

9) r is the data rate. mobility patterns is -0.9165, -0.9597 and -0.9132 for RW, FW

Now, we propose a simple first order model relating thend MH mobility models respectively. Similarly, we also find
average path duration with throughput and routing overhetitht the coefficient between DSR overhead and the reciprocal
respectively. We derive the following models based on DSRf the average path duration for the same set of mobility
but we believe these models can be applied to other reactpaiterns is 0.9753, 0.9812 and 0.9978 for RW, FW and MH

protocol like AODV with appropriate modifications. mobility models respectively. The above facts indicateransg
Throughput: correlation between the reciprocal of the average pathtidara
The throughput analysis is done as follows: and DSR routing performance protocol. Thus, the two simple

For each source-destination pair, the time T is composedasfalytical models (which do not capture MAC and physical
two parts: the time used to transfer data and the time usedager effects) we propose are consistent with our experimen
repair the broken path. Thus, results (which do capture MAC and physical effects). For the

RPGM model, such a strong correlation between the average

T = Trow+ Trepair path duration and protocol performance does not seem to
= Ttiow + trepair fT (4) exist. One plausible reason is that number of path changes

SincePD = 1. then is relatively small in RPGM model and thus the accuracy of

s estimation is affected.

T (1- trepaiT)T Although the simple analytical models are derived based

Flow PD on DSR, we believe a similar approach can be extended to

T - Tiow (5) other reactive routing protocols such as AODV with some

- t . e B
1 — —repai modifications. For example, when we analyze the overhead

PD
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for AODV, the Expanding Ring Search of AODV can also benore specific, as a case study, we propose an analytical model
modeled and used to predict the overhead of AODV for tHer the non propagating cache hit rago(which is used in
FW model. In this case, in addition to non-propagating cacleguation 7 in Section VII-A) of DSR in the FW model. This
hit ratio, the cache hit ratio at 3, 5 and 7 hops will have to emnalysis assumes that whenever a route breaks, the source
taken into account. initiates a route discovery. Usually, in DSR, an intermeglia
The above first order models do not include all factonsode detecting a route break attempts to recover from the
affecting throughput and overhead, but they are useful fiaute error. This procedure is called salvaging. Howevag] [
showing a strong linear relationship wittls, and can provide observed that salvaging repairs a very small percentage of
general trends that help in analyzing protocol behavioramyn route breaks. Hence, in this study, we assume that a recovery
cases. These models, however, cannot be used to predicfrom route error is done only by the source by re-issuing a
estimate performance numbers. Nonetheless, we shall showte request. Moreover, we also assume that a cache entry
an example of enriching the first order model to provideemains valid for a much longer period compared to the path
prediction capability with low margins of error. Hence, irduration.
section VII-B, we attempt to give a simple first order model Consider the following scenario:
(by accounting for protocol convergence time) that may eseriet the freeway consists of 2 lanes, one lane going towards
as a good predictor, particularly for the throughput of DSRthe right and another to the left.

Let
B. Effect of Protocol Convergence Times 1) R be the transmission radius of the mobile nodes.
Equations 6 and 7 assume that the frequency of path2) S be the source and D be the destination. Assume that
breakage isf = . However, the time taken by a protocol S and D are on the same lane of the freeway.

to converge onto a path is also an important factor, while 3) » be the number of hops between S and D.
considering throughput (or overhead) of the protocol. Thus 4) We assumelsp(0) = hR? to be the distance between S
although throughput (overhead) from Eqn 6 (Eqn 7) has a and D at timet = 0 when the path between S and D is
strong correlation with the throughput (overhead) meabure created.

by simulations, the,.,.;, at the protocol level might impact 5) i be thei'” node around the path from S to D (on both
the accuracy of prediction. In order to test this hypothesis  the lanes). These are the nodes which can overhear D’s
we propose a simple extension to the Eqn 6. In this case, route reply and cache the route to the destination D.

we assume that the frequency of path breakagef is=  6) Vi be the relative speed of nodevith respect to S+V;

PD+tlmW-r' Thus, replacingss by PD+t1Npm in equation 6, indicates that is moving to the right, while-V; shows

the normalized throughput for DSR can be given as follows:  thati is moving to the lefti.e. in this frame of reference,
S is the origin and is stationary.

Throughput _ (1— M) 7) X;(0) be the position of nodé at timet = 0 when the
" PD + trepair path between S and D is created.
i PD 8) 1,4 be the path duration ti
Normalized Throughput= ———— (8) ) tpa be the path duration time. N
PD + trepair 9) X;(tpa) = Xi(0) + Vjtpa be the position of nodé at
We measure the PD and thg.,q; for DSR across the time ¢pq.

various mobility scenarios mentioned in section V-A. Wel0) [s be the set of nodes on the same lane as S and D that

compare the normalized throughput computed by Eqn. 8 can overhear D's route reply.

with the throughput values obtained froms-2 simulations. 11) I, be the set of nodes on the opposite lane that can

The difference between the normalized throughput and the overhear D's route reply.

throughput obtained from simulations for the various medel 12) ps be the probability thatk,e;, Xx(tpa) > R. i.€. none

used in our study is given in table I. of the nodes having the cache in the same lane as S are
Most of the error values are betweén- 12% (except for within the transmission range of S at time= ¢,,4.

the RW model at 20 m/sec, which is due to the occasionat3) p. be the probability thatj;c;, X;(tpa) < —Ri.e. none

simulation crash) and thus, Eqn. 8 seems to be a good predicto  of the nodes having the cache in the opposite lane are

of the DSR throughput for the scenarios used in our study. A in the range of S at time = ¢,,4.

similar model that takes..,q;,- into account can be developed 14) Finally, p be the probability that none of the nodes

for the routing overhead of DSR. having the cache are within the transmission range of
In these two sections, we have shown the utility of the S attimet =t,q.

average path duration in determining general trends in ¢ine p

formance of reactive MANET protocols. In the next section, P = PoPs (9)

we will discuss the utility of another statistic of path diwa

i.e. PDF of the path duration. We now evaluate, andp. Since the average relative speed

of nodes on the same lane w.r.t.S is different from that in the

opposite lane, both the lanes will have different PDF (and

C. Relating path duration PDF to protocol “building blocks” CDF) for the path duration as shown in equations 2 and 3.
In this section, we demonstrate the utility of charactegzi Hence we consider them separately in this analysis.

the PDFs of path durations for some mobility models. To be
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TABLE |
(1 - (NORMALIZED THROUGHPUTSIMULATION THROUGHPUT))*100FOR VARIOUS MOBILITY MODELS AND VELOCITIES

Vimaz (M/sec) RW RPGM (Single Group) RPGM (Multiple Groups) FW MH
1 7.4647 0.00409 -0.043669 0.89971 3.88592
5 3.78451 -0.030021 0.09369 3.13604 5.57231
10 5.88434 0.00361 -0.169056 5.32633  7.41357
20 33.4858 0.00676 0.32781 7.02482  9.90664
30 8.69539 0.00149 0.25698 8.13975 11.5396
40 9.47452 0.0903 0.054981 9.6315 13.323
50 9.20675 0.23585 0.4586 11.7304  11.2949
60 9.90577 -0.003089 0.86554 11.6026  11.4947

Determining p,:
If the farthest node (having the cache) in the opposite lan
moves out of range of S, all the nodes (having the cache
would have moved out of range of S. Thys, is now the
probability that the farthest node (having a cache) in the
opposite lane moves out of the range of S. Let this farthes
node bej’. Let X;/(0) = dsp(0) + R.

0.8 —

W]
0.6 (3-© Random Waypoint

41 Manhattan
Freeway
A4\ RPGM (Single Group) 7

04— —

# of Non-Propogating Route Regs. / Total # of Route Regs.

Po = P(Xj(tpa) < —R) (10) e —e— -
= P(dsp(0)+ R — Vyotpa < —R) 02l i
= P(*V(,tpd < —2R—dsp (0)) ﬁ\/é/é\é/gx
P(Votpa > 2R+ hR) o P R R R SR S R
o 10 20 30 40 50 60
R(2+h) Maximum Speed (m/sec)
= P(tpd > T)
R(2+h) Fig. 21. Non Propagating Cache Hit Ratio in DSR where R = 258lamber
= 1- FO(T) (11) of Nodes = 40

whereV, is the average relative speed in the lane opposite to
S and D.F, is the CDF of the path duration on the oppositdhus, again from equation 3,
lane. Thus, from equation 3,

ps =e " (15)
po = eI 12) e ps is independent of the speed or relative speed of the
i.e. po is independent of the speed or relative speed of ﬂques.
nodes. Thus, from equations 9, 12 and 15
Next, we evaluate;. p = e Poh(+h) (16)

Determining p,: Therefore, the cache hit ratio is given by

Now, in the case of the same lane, the node closest to S also Hit=1—p=1— ¢ MhB+h) (17)
has the cached route to D. If this node moves out of range, all _ i o _
nodes (having the cached entry) in the same lane have moJéy'sS, the non propagating cache hit ratio in DSR is
out of range. Thusp, is now the probability that the closestindependent of the speed or the relative speed of the nodes
node (having the cached entry) in the same lane moves &t the Freeway (FW) mobility model. This concurs with the
of the range of S. Let this closest node ide which may be simulation-based analysis in [22], where the non-propagat

arbitrarily close toS i.e. X (0) ~ 0. hit ratio of DSR seems to be independent of the maximum
speed (beyond 30 m/sec). Moreover, this effect is not only
ps = P(X(tpa) > R) (13) observed for the FW but also for the RW, RPGM and the MH
= P(Vityg > R) models as shown in Figure 21.
R Thus, the exponential assumption of path duration PDFs
= P(tpa > 7) turns out to be a good approximation for our study.
R ° In this section, we gave simple first order models relating
=1 _FS(V) (14) the average path duration to the throughput and overhead

of reactive protocols. However, from section VI-D, for our
whereV; is the average relative speed in the same lane asiBwlations, we observed that the average path duration is
and D. F; is the CDF of the path duration on the same lanéirectly proportional to the transmission rangend inversely



proportional to the number of hops and average relative
speedV. Thus, our first order models also relate the protocol 1
throughput and overhead to several factors including the
transmission range, the average number of hops in the path,
the relative speed of the mobility model used. Thus, thigent
approach has given us a greater understanding of the impac%
of mobility and other factors on protocol performance.

VIIl. CONCLUSIONS& FUTURE WORK Bl

We proposed an approach for a deeper understanding of
the effect of mobility on MANET routing protocols. To begin
with, this approach examined the detailed statistics (idiclg
PDFs) of link and path duration across a rich set of mobility [5]
models. For small velocities, these PDFs were observed to
have a multi-modal distribution across some of the models
used. This observation showed the impact of the traffic patte
on the path duration PDF. For moderate and high velocities, [6]
across the mobility models used in our study, it was observed |7
that the path duration PDFs for paths of two or more hops
can be approximated by an exponential distribution which is
parameterized by the relative speed of the mobility modie!, t
transmission range of the node and the number of hops in the
path. We proposed simple analytical models that show tleat th
reciprocal of the average path duration is strongly coteela
with the throughput and overhead of reactive routing proisc
Simulations for DSR seemed to confirm this relationship. We [10]
also illustrated how the path duration PDF can be related to
detailed protocol mechanisms by analytically derivingribe-
propagating cache hit ratio of DSR in the freeway model. Our[11]
model concurred with the simulation results in a relatedstu

Thus, path duration seemed to be a good metric to predicil2]
the general trends in the performance of reactive routing
protocols. At the same time, our analytical models showed th |13
relationship between the path duration and other parameter
like the average relative speed of the mobility model, taagr 4
mission range of the mobile nodes and the average number o[fL
hops in the path. These findings enabled us to relate thesdever
parameters including mobility to the performance of rescti
protocols using the detailed statistics of path duration.

As part of future work, one of our immediate goals would
be to develop an analytical model for the non-propagating[16
cache hit ratio for all the other models used in our study. It
would also be interesting to see how this ratio is affected by
the communicating traffic pattern. As a longer-term goal, we
seek to use richer analytical models to predict the perfooea
trends of the reactive MANET routing protocols like DSR and
AODV. We believe that by analyzing the basic mechanisms of
these protocols, we can develop a comprehensive model foL ]
the “whole” protocol. Moreover, this analysis can be readil
applied to other protocols that use similar mechanisms. (19]

(4]

(8]

[0

(18]

]
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8- Empirical Cumulative
Distribution Function

R (ECDR) called the D-statistic. The example of D-statistic is shdwn
s o A ] Figure 22.
g | [ hypothesized Cumulative | The D-statistic is formally defined as follow.
< 4+ :—J Distribution Function —
- 1 D = max||F1(z) — Fa(z)]|
. | [ | In order to test the hypothesis, the D-statistic value stoul
o i be compared with a certain threshold value. However, in this

study, since we aim to approximate the ECDF by the CDF
X (and not to prove that they are identical), we only examine
the D-statistic value. If this value is small, it indicatésit the
ECDF can be approximated by the CDF.

In the next section, we show the D-statistic across several
ECDFs which indicate that they can indeed be approximated

Fig. 22. lllustration of D-statistic in the Kolmogorov-Smov Goodness-of-
Fit Test

22nd Annual Joint Conference of the IEEE Computer and Commu-
nications Societies), March/April 2003, San Franciscacagpted To

by the exponential CDF as shown in section VI-D.
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APPENDIXI
KOLMOGOROWSMIRNOV TEST AND D-STATISTIC

Usually, the Chi-Square test is used to verify the hypothesi
that the given data is drawn from a particular probability
distribution. However, the result of Chi-Square test issitare
to the adequate choice of the number and size of the sample
bins. Hence, in this study we used the Kolmogorov-Smirnov
Goodness-of-Fit test (K-S test).

The Kolmogorov-Smirnov Goodness-of-Fit Test (K-S tes
is a rigorous test that does not depend on binning. The tes
as follows:

Given F (z), the expected hypothesized Cumulative Distri
bution Function(CDF) derived in section VI-D, K-S test com
paresFi(x) to F»(x), the Empirical Cumulative Distribution
Function(ECDF) obtained by simulations. The result of K-
test is based on the value of the greatest discrepancy betwee
the observed and expected cumulative distribution, whech i

mobility model acros$ and V. Due to space constraints, we
only show the data for the case whé&n= 250m in Table II.
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TABLE Il
VALUES OF THED-STATISTIC, A\ AND A9 ACROSS SEVERAL MOBILITY MODELS VELOCITIES AND PATH LENGTHS HERE R = 250M.

Mobility Model Velocity (m/sec) Path Length (hops) D-S&iit  Best-fit\ Ao
RW 30 2 0.000284 0.122936 0.51221
RW 30 3 0.003362 0.16485  0.457908
RW 40 2 0.020663 0.184148 0.575433
RW 40 3 0.001166 0.277466  0.577984
RW 50 2 0.000070 0.183599  0.458961
RW 50 3 0.001182 0.300123 0.5002
RW 60 2 0.000202 0.243292  0.506818
RW 60 3 0.000449 0.338496  0.470096
FW 30 2 0.000537 0.306102 1.275246
FwW 30 3 0.001190 0.500652 1.39061
FW 40 2 0.001134 0.360458  1.126364
Fw 40 3 0.000699 0.654857  1.364122
Fw 50 2 0.000893 0.569905  1.424757
Fw 50 3 0.001010 0.960106  1.600176
Fw 60 2 0.000601 0.601898  1.253936
FW 60 2 0.001208 0.975436  1.354715
MH 30 2 0.013150 0.282193 1.175776
MH 30 3 0.001277 0.460868  1.280102
MH 40 2 0.000846 0.386492  1.207742
MH 40 3 0.000586 0.602844  1.255865
MH 50 2 0.000779 0.419397  1.048416
MH 50 3 0.001424 0.73712 1.228444
MH 60 2 0.004663 0.540425 1.125792
MH 60 2 0.000141 0.872245  1.211386
RPGM (Multiple Groups) 30 2 0.000261 0.133234  0.555093
RPGM (Multiple Groups) 30 3 0.07315 0.04675 0.12988
RPGM (Multiple Groups) 40 2 0.012927 0.174228  0.544705
RPGM (Multiple Groups) 40 3 0.004441 0.280639  0.58463
RPGM (Multiple Groups) 50 2 0.000018 0.301081  0.752151
RPGM (Multiple Groups) 50 3 0.004441 0.280639  0.396321
RPGM (Multiple Groups) 60 2 0.000195 0.155777  0.324405
RPGM (Multiple Groups) 60 3 0.000217 0.478138  0.66374
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