Statistical Analysis of the Impact of Routing In
MANET Based on Real-Time Measurements

Avesh K. Agarwal

Wenye Wang

Department of Electrical and Computer Engineering
North Carolina State University, Raleigh, NC 27695

Abstract- Performance degradation due to routing over-
head is a serious impediment to fulfilling quality of service
(QoS) in Mobile Ad Hoc Networks (MANETS). There-
fore, analyzing the performance impact of the routing
overhead in a real-time environment becomes critical to
developing efficient routing protocols and provisioning
network performance. We develop a statistical-analytic
approach to studying the impact of the routing overhead
on delay and throughput in a real-time MANET testbed.
The approach helps us in deriving statistical models of
delay and throughput which, in turn, enables us to analyze
the behavior of routing protocols beyond the scenarios
configured in the testbed. In addition, we conduct a simple
analysis of measuring network bandwidth consumed by
the routing overhead in various environments. Although
Optimized Link State Routing (OLSR) and Ad-hoc On-
demand Distance Vector (AODV) routing protocols are
studied as case studies in this paper, our approach and
findings are applicable to other routing protocols as well.

I. Introduction

Due to few MANET deployments in the real world, research
in this area has been mostly simulation based [1], [2], [3],
[9], [10], [14]. As simulation studies assume some ideal
conditions to approximate the realistic behavior, it is not
possible sometimes to map the simulation results onto real-
time networks. Thus, the statistical analysis based on real-
time measurements is critical to verifying analytical mod-
els and simulation assumptions. To address these problems
collectively, first we perform a real-time experimental study
to measure the performance impact in terms of delay and
throughput. Then, we derive statistical models to describe the
performance impact caused by routing protocols. The statis-
tical models enable us to analyze the behavior of the routing
protocols beyond the scenarios configured in the testbed. In
addition, by developing a simple analysis, we present realistic
and quantitative measurements of the network bandwidth
consumed by the routing overhead in various scenarios.

To achieve our objectives, we have established a real-time
testbed with mobile nodes communicating ad-hoc mode.
Varied data streams and different the testbed topologies are
used to generate several load conditions. To study proactive
and reactive protocols collectively, we investigate OLSR and

A Mobile Ad Hoc Network (MANET) is characterized as aAODV protocols as case studies. In addition, the testbed

self-organizing system of mobile nodes requiring no centradpans various mobile devices consisting different hardware
ized infrastructure for the network establishment. As a resulflatforms, therefore we believe that our approach and findings
intermediate nodes in MANET act as routers in forwardingre applicable to heterogeneous ad-hoc networks as well.
messages from nodes not in communication range of eaciThe rest of the paper is organized as follows. We explain
other [13]. Therefore, routing protocols play an invaluablgetails of the experimental testbed setup and the methodology
role for efficient data transmissions in MANETs. Howevefo carry out experiments in Section Il. Section Ill explains the
MANET routing protocols consume significant amount of thgerformance impact caused by routing protocols, presents the
network bandwidth in response to the network variations dgeatistical-analytic approach, and discusses the statistical mod-
to nodes mobility which causes frequent communication faiéls for delay and throughput for OLSR and AODV. Section IV
ures. Therefore, to acquire acceptable network performang@alyzes the percentage network bandwidth consumed by the
it becomes inevitable to perform in-depth research on routin@uting overhead generated by AODV and OLSR. Finally,
overhead in MANETSs under various loads. Section V concludes the paper.

Measurements and statistical analysis are very important
to explain and predict network performance observed in real

world, contributing fundamental knowledge, problems and The testbed setup along with protocol stacks is shown in

requirements for protocol design and evaluation in MANETT:i 1 in which devices are used as mobile nodes (MNs)
However, Existing experimental works lack in providing anal- 9 '

ysis with statistical mode!mg and mlprowdlng quantltayv%._ Testbed Setup

measurements or comparison of routing overhead, making it -

impossible to predict the behavior of the routing protocols The hardware and software specifications are:

beyond the scenarios discussed in the existing simulation and Desktop MN : Dell PC, Pentium IV 2.6 GHZ (RHL 9,
experimental studies[5], [4], [12]. kernel version 2.4.20).

Il. Experimental Testbed Setup
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define SSE as follows:

Fig. 1. Ad hoc Testbed Architecture.

SSE =Y wi(z — %)° (1)
- MN iPAQ : Intel StrongARM 206 MHXx (Familiar Linux el
0.6, kernel version 2.4.18-rmk3). . If SSE obtained is close to zero, then the corresponding
- MN Sharp Zaurus : Intel XScale 400 MHz (Linux statistical model is considered a suitable match.

Embedix kernel version 2.4.18-rmk7-pxa3-embedix). . Adjusted R-Square : First, we define R-square which is
- MN Dell Laptop : Celeron Processor 2.4GHZ (RHL 9, the square of the correlations between experimental data
kernel version 2.4.20). and predicted data [8]. We express R-square in terms of
- quless Cards : Netgear MA 311 802.11b, Lucent SSTwhich is sum of squares about the mean vahfe
Orinoco Gold 802.11b. experimental data. Let; denote the mean value of the

- Kernel AODV version 2.1 from NIST [7]. experimental data. TheBSTand R-square (RS) are,
- OLSR version 0.4.5 [11]. Sop

- IPtables for filtering packet at MAC level. SST — - wi(zr — 702 and RS =1— (2
- Ethereal network packet analyzer. Z ez = 2) SST @

- Netperf, floodping andttcp data transmission utilities.

k=1
Values for R-square statistic can vary betwegrand
1; those values close to 1 suggest smaller deviations
between predicted and experimental values. Now, we
All experiments are performed in an indoor environment.  define another measure, calletégree of freedomto
MAC layer filtering is configured usingptables  to achieve describe adjusted R-squai@egree of freedons defined
physical separation among mobile nodes. In addition, the as the difference between the number of predicted values
transmission rate for each wireless card has been set to and number of fitted coefficients obtained from experi-
11Mbps. To avoid interferences with campus network, wireless  mental data. Formallyf = n — m, where f, n andm
channel has been set td), whereas campus network uses  denotedegree of freedomnumber of predicted values,
wireless channel. Transmission of data streams consists of and number of fitted coefficients, respectively. Adjusted

B. Experimental Methodology

packets with sizes varying frors6 bytes t01024 bytes, and R-square, now, can be expressed formally as,
total data size is varied frori6 kbytes tol Mbytes. SSE(n—1)
In our experiments, network topology is configured from ARS =1~ (3)

2 to 4 hops. At the destination node, statistics are collected . SST(f—1)
usingethereal  for performing various observations. Every ~ Adjusted R-square value close o suggests a closer
experiment is repeated arour2 times and then average  &PProximation for experimental data.

value from all the observations is calculated to minimize acci- * R0t Mean Squared Error (RMSE) : Mean squared
dental errors. We studied different configurations consisting €7 is defined as the ratio of SSE and degree of freedom.
of various mobile devices acting as a source as well as a 1hen,MSEandRMSEare as follows:

destination to eliminate any effects such as hardware platforms MSE — SSE and RMSE = VMSE. (4)

and OS related to a particular device. Therefore, we ensure that f

experimental results presented in the paper are applicableBtoAnalysis of End-To-End Delay

heterogeneous ad-hoc networks as well. In this subsection, we discuss the performance impact of the

routing protocols on end-to-end delay under various loads and
network topologies. Then we perform the statistical analysis on

Here, we discuss and interpret the experimental resulle experimental results to obtain the polynomial regressions
obtained for OLSR and AODV. Using experimental measuréer OLSR and AODV.

[1l. Statistical Analysis of Experimental Results



1) Analysis of End-To-End Delay for OLSR: As a proac- The coefficients of this polynomiak;(h) (i = 0,1,2 and
tive protocol, OLSR generates routing overhead periodically= 2, 3, 4), are

and continuously to react faster to the network variations in —0.005127 12.38 4005

MANETS. The perfqrmance impact of OLSR on end-to—gnd Z(h)= | —0.001064 11.45 7204 (6)
_de_zl_ay is shown in Fig. 2. We observe th_at, in _aII topologies, —0.02191 2049 9047

initially end-to-end delay increases rapidly with respect to

packet size. However, as the packet size is increased further, 9.466E —30 h=2

the delay does not rise sharply, and the difference between SSE =4 1.026E—-29 h=3 (7)
end-to-end values for data streams with higher packet sizes 852E—29 h=4

is comparatively less. Note that the transition point, wheince obtained values of SSE and R-square are small enough
the difference in the delay values starts reducing, has almogbaan appropriate statistical model, no further approximation
similar value under different network topologies. For examplgs necessary in Adjusted R-square and RMSE. As a result,
we observe in the figure that the transition point is somewhefs values of all the statistics emphasize a good match of the
around 256 bytes. This phenomenon helps us to reach glynomial expression with the experimental data. We also
conclusion that when data streams consist of packet size lggsdied higher degree polynomials in finding more accurate
than256 bytes, the percentage network bandwidth consumggbdel; however, we find that the coefficients of higher order
by OLSR in transmitting the overhead than in transmitting th@rms in the higher degree polynomials are extremely small.
data packets is comparatively higher leading to higher impagle conclude that the polynomial of order-two is the closest

on the delay. However in case of data streams with packet sigghroximation for the experimental data of end-to-end delay
bigger thar256 bytes, OLSR consumes smaller percentage f§r OLSR routing protocol.

the network bandwidth in transmitting the routing overhead.

In addition, we see that the difference between end-to-end
delay for smaller packet sizes is larger than that of bigger
packet sizes under various topologies. We observe that as the
network size expands, end-to-end delay values for various4
packet sizes are not affected in the same proportion as theE
increase in the network size. Therefore, the previous observa%
tions suggest that OLSR causes higher performance impact ing
terms of the percentage network bandwidth consumed on end-s
to-end delay in the small networks with low activities (data -
streams with lower packet sizes) than in the large networks
with higher activities.

5000
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Fig. 3. AODV: End-to-End Delay Comparison.

2) Analysis of End-To-End Delay for AODV: As a
reactive protocol, AODV starts route establishment phase only
when a path failure is detected, or a source node demands
for the route establishment. However, AODV transmits route
maintenance packets periodically. The performance impact on
end-to-end delay due to the routing overhead generated by

asco AODV is shown in Fig. 3. We see that end-to-end delay in all
. the network topologies increases almost linearly with respect
2o Data Size (Bytes) to packet size. In addition, difference in end-to-end delay for
various topologies for the same packet size is large. Therefore,
it implies that control packets generated by AODV increase in
the same proportion as the increase in the network size and

.the network activities. This phenomenon suggests that AODV

fLet ‘:.O(I’ I;)dretpre_sent er&d-to-et?d d?lﬁy for OLSTF]\?'h'C?h'%ay impose more scalability problems in large MANETS.
a function of-data size and numboer of hops (or. path leng _) To derive a polynomial model using statistic analysis, let
h. Using the different statistics discussed previously, we find

; . . oa(x,h) represent end-to-end delay for AODV which is a
Lhat thg nnc:js:‘)swtable polynomial regression dg(z, h) can function of data size: and number of hops (or path length)
e modeled by

h. Then, polynomial regression, (z, k) can be modeled by
0o, h) = az(h)x? + ay(h)x 4 ag(h). (5) oa(z, h) = c1(h)e2M® 4 ca(h)ecr (M), (8)

End-To~End Delay (msec)

Fig. 2. OLSR: End-to-End Delay Comparison.



with coefficients ofc;(h) (i = 1,2,3,4 andh = 2,3,4) as

11.98 0.0002229 —8.548 —0.001357
<(h) = 20.78 0.0002047 —15.17 —0.001179 9)
27.96 0.0001522 —20.22 —0.001116

0.03915 h =2
SSE={ 03166 h=3 (10)
05984 h=4

Throughput (Kbitsisec)

0.9999 h =2
R — square = ¢ 0.9997 h =3 (112)
0.9997 h=4 2-5 500

2 o Data Size (Bytes)

1500

1000

We find that the values of SSE are not close to zero. It
suggests that further approximation to find a better statistical
model is necessary. However, the values of R-square are close
to unity, therefore, further adjustment to Adjusted R-square

and RMSE to obtain a more suitable statistical model is nfﬂroughput of the network running OLSR, which is function
required. Although, we are able to find some other statisticgy yata sizer and number of hops (or path length) We find

models with lower value_f, of SSE., those models diverge Withst the most suitable polynomial regression figtz, h) can
respect to large packet sizes. As in case of AODV, we obselyg modeled by

experimentally that end-to-end delay keeps increasing with
packet size and number of hops, the statistical model given N0 (2, h) = by (h)a® + by (h)x + bo(h). (12)
by (8) is the most appropriate to describe the behavior 2

Fig. 4. OLSR: Throughput Comparison.

Le coefficients of this polynomiak;(h) (i = 0,1,2 and

the routing protocol accurately. Moreover, we find that thE: 2.3 4), are

obtained statistical model and the experimental results suggest = ™ ™7’

that the end-to-end delay for AODV increases rapidly with _ —0.000507 0.7013 6.027

respect to packet size and network size. However in realistic b(h)= [ —0.001028 1.001 4.019 (13)
scenarios, end-to-end delay can not increase to an infinite —0.001605 1.451 19.28

value, therefore it means that after a certain network size,
all packets will be dropped by the network running AODV.
Therefore, as we concluded previously, scalability in MANETS
running AODV is a cause of concern.

4.564E —25 h=2
SSE ={ 3201E—25 h=3 (14)
7T.694E —25 h=4

SSE values for different topologies are presented in (14).
Values of R-square for various values bfare equal tol.
Throughput is an important metric to understand the pevalues of SSE close to zero and values of R-square equal
formance impact caused by the routing protocols. In this 1 show the accordance of the model with respect to the
subsection, we present the experimental values of throughpxperimental measurements. We observe that coefficients for
along with the statistical models for OLSR and AODV to gailsecond order term are very small which suggests that initially
deeper insights about the performance impact. throughput increases almost linearly with smaller packet sizes.
1) Analysis of Throughput for OLSR: Experimental re- However, as the packet size is increased further, throughput in-
sults on throughput for OLSR are shown in Fig. 4. We obsereeeases slowly. Moreover, as the number of hops between two
that throughput is increasing as the size of packet increasemnmunicating nodes is increased in the network, throughput
This similar phenomenon is observed for all various topologiglecreases slowly.
in the network. In addition, we see that the difference in 2) Analysis of Throughput for AODV: Throughput anal-
the values of throughput for equal packet sizes betwgenysis helps us gain insights about the performance impact
hop and3-hop topologies is more than that of betwehop caused by the route discovery and the route maintenance
and 4-hop topologies. It means that as the network expanghases of AODV protocol. Fig. 5 shows the experimental
from 2-hop to 3-hop or 4-hop, throughput achieved duringvalues of throughput for AODV in different scenarios. We see
the transmission of data streams with equal packet sizes dtied throughput increases as the packet size of data stream is
not vary considerably. This observation suggests that as thereased. However, increase in throughput for bigger packet
network expands, throughput decreases slowly. As a resgiges is not in the same proportion as the increase in the
we can conclude that OLSR performance degrades slovgscket size. Also, we observe that if we transmit data streams
as the network expands. Also, it suggests that OLSR cahequal packet sizes in the networks with different number
provide better network scalability than AODV. Now, we findof hops, throughput decreases faster as the number of hops
the statistical model to establish relation among packet sizge increased from to 3 or 4 between two communicating
number of hops and throughput. Let(x, k) represent the nodes. These observations suggest that as the network expands

C. Analysis of Throughput



and packet size increases, performance of the network runniffective transmission timis defined as the percentage net-
AODV degrades at a faster rate. Therefore, like the obserwaerk bandwidth used in transmitting the entire data stream,
tions discussed for end-to-end delay for AODV, observationghereasoverhead transmission timis defined as the per-
for throughput values also suggest that scalability is an issoentage network bandwidth used in transmitting the routing
in the networks running AODV routing protocol. To findoverhead. Our aim is to determine the real-time values of the
ratio of effective transmission time and overhead transmission
time based on experimental results in various scenarios. While
computing the ratio, we exclude the overhead generated by the

oo MAC layer by computing the effective data transmission rate.
T 1000 : Let 4 denote the number of hops between two communi-
z : cating nodes andj, N denote the number of packets of size
= < » d transmitted between the two nodes, d@hdbe the effective
2 o data transmission rate experienced at the network layer. Let
= oo _ » T denote the actual data rate which is setlidlbps in the

’ testbed.T, captures overhead generated due to MAC layer

sooo which we determine using the results presented in [6]. Based

G000 on the analysis provided in [6], we observe that effective data

Heps T 0% e Size (Bytes transmission rate varies with the size of data packet. Therefore,

we determine per packet overhead due to MAC layer in terms
of data bytes. Let per packet overhead for a data stream with

Fig- 5. AODV: Throughput Comparison. packet sizel be 3,. Then,T, and7 can be related as follows:

the analytical expression, first we define few symbols. Let _ d-T or By = d(z —1) (18)
n.(z, h) be throughput achieved in an AODV network, which C T d+ B4’ d T. ’

'S funct|-on of data size: and number of hops (or path length) Assume that transmission of an entire data stream consists
h. We find that the most suitable regression fgfx, k) can

be modeled by 1 | ) | o e
d2(h) da(h) [ FT—>‘<—T>{‘ ]
Na(x, h) = dy (h)e® M 4 dg(h)edr M)z, (15) D R
with coefficients ofd;(h) (i = 1,2,3,4 andh = 2,3,4) as e

. . Average Effective Data Transmission Time
—— : Route is available

332.1 0.0001764 —324  —0.003096
255  0.0002214 —251  —0.003054

_ 558.8 0.0001653 —536.5 —0.002743 _ _
d(h) = (16) Fig. 6. Time Sequences.

0.6807 h =2 of k£ time sequences where each time sequence is composed
SSE — 0'1494 h—=3 17) of average effective transmission time and average overhead
0'144 h—4 transmission time as shown in Fig. 6. Let average effective

transmission time and average overhead transmission time be

Values of SSE for different topologies are presented in (1Qenoted asﬁ andTC, respectively. Then we have
Values of R-square for various values/ofare equal tol. We

_ — T, T
observe that the values of SSE are not close to zero, howe\_/er, T, =k, , T.=FkI; and L_ X (19
we observe that the values of R-square are equal to unity, T, N

therefore, further adjustments to adjusted R-square and RMSE . . .

to obtain a closer model are not necessary. According to t ince all mpbﬂe nodes in the mdoor testbed are close to each
model obtained, we observe that throughput keeps increas?%r.phyS'qally' only one mobile node can transfer the data
with the increase in packet size. But in practical situations,"# t@e. Since every data packet .has tthra.\hehumber. of

is not true due to fragmentation of bigger size packets inftfPS in the network, each hop will havg: time duration
smaller packet to comply with the network’s MTU. to transmit the data packet. Therefore, number of packets

transmitted during the timé% by the source nodé¢ denoted
IV. Empirical Analysis Of Routing Overhead asN, is

Routing protocols generate control messages in response to N _ T
changes in the network. As control messages consume part of 2h(d+ Ba)
the network bandW|dth_, they degrade network_performance a‘leerefore, achieved throughput in transmitting data stream of
are termed as the routing overhead. To quantify the percentade. ./ is provided as follows
network bandwidth consumed by the routing overhead, we '
develop a simple analysis to establish a relationship between (hyd) = Nd
effective transmission timand overhead transmission time Mg\ @) = k(ﬁ+ﬁ)'

(20)

(21)



By simple manipulations and usirig= % andN in (21), the packet size increases in all topologies. It is due the fact that
relation betweeriTC ande can be shown as, AODV generates higher amount of the routing overhead as the
__ traffic load starts increasing in the network.
I _ d-T -1 (22) i
T~ 20(d+ Ba)ni; (h,d) . V. Conclusion
_ L ) In this paper, we address the issue of performance degrada:
The value ofi;;(h,d) used in the above equation is obtainegq, e 1o the routing overhead in MANETS. We performed
through real-time experiments as explained in Section II. a real-time experimental study to analyze the performance
A. Observations impact of routing protocols in terms of delay and throughput.
Using statistical-analytic approach, we derived the statistical
models with non-linear regressions for OLSR and AODV

o - oLsR =EE to obtain an in-depth understanding of the routing behavior
ol | beyond the scenarios configured in the testbed. In addition, we
ol i provided a simple analysis to compute the network bandwidth
—oel g consumed by the routing overhead in various scenarios. As
B esr A we used various mobile devices consisting different hardware
or i platform, our results are applicable for heterogeneous ad-hoc

-7 i networks as well. We believe that, this work not only provides
T | fundamental knowledge and observation of the performance

. | | | | mj impact by the routing protocols, and it also has significant
Data Size (Bytes) contributions to the modeling, analysis, and design of efficient

routing protocols for MANETS.
Fig. 7. Ratio ofT; to Ty in OLSR Network.
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