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ABSTRACT

The impact of mobility on the link and route lifetimes in ad hoc
networks is of major importance for the design of efficient MAC
and network layer protocols. Up to now, no real-life measurements
were used to study the effect of node mobility on link and route
lifetime distributions. In this paper, we present data gathered from
a real network of 20 test users and analyze it with regard to link
and route lifetime distributions. Besides link breakage due to node
mobility, links might also break due to diverse sources of inter-
ference or packet collisions. We develop a statistical framework
to distinguish between the mobility and interference or collision
errors. With this framework, we are able to determine and ana-
lyze the lifetime distributions for both error types separately. We
use this framework together with our measurements to validate two
commonly used stochastic mobility models including the random
waypoint and the random reference group mobility model. The
results show that the distributions of the two stochastic mobility
models match very closely the empirical link lifetime distribution.

Categories and Subject Descriptors

C.2.2 [Computer-Communication Networks]: Network Proto-
cols; C.4 [Performance of Systems]

General Terms
Design, Experimentation, Measurement

Keywords
MANET, Human Mobility, PDA, Link Lifetime, Route Lifetime

1. INTRODUCTION

The availability of small-size, portable devices and inexpensive
wireless communication technology has pushed the development
of mobile and pervasive computing. Specifically, Mobile Ad hoc
NETworks (MANET)[1] have received a lot of attention in the re-
search community. Asaresult, multiple protocols and applications
for MANETSs have been developed. Since not so many MANETs
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have been deployed yet, most of theresearchinthisareaisbased on
simulations. Among the multitude of simulation parameters (traffic
and communication pattern, mobility model, propagation model,
etc.), the mobility model has a major impact on the link and route
lifetime distribution, and therefore also on the protocol and appli-
cation performance. Hence, for an efficient design of MAC and
network protocols, one has to understand the impact of the node
mobility on the link and route lifetimes.

Until now, only very few evaluations have been published that
are based on measured data of real human mobility and behavior.
One obvious reason is the lack of deployed MANETS available to
conduct experiments. A further reason is the inherent difficulty to
build experimental testbeds with human mobility as real test users
need to be involved and coordinated in the experiments.

In this paper, we study and analyze the impact of human mobil-
ity on the link and route lifetime distributions in a real MANET.
Throughout summer 2005, we repeatedly conducted experiments
in atypical office environment. We distributed twenty commod-
ity Personal Digital Assistants (PDASs) with IEEE 802.11b wireless
interfaces to different test users. The involved test users were re-
searchers and students working on the same floor in a building and
are thus in wireless transmission range most of the time. For data
capturing, each PDA runs a set of monitoring tools to determine
and trace connectivity to other PDAS.

We use the collected data from this test network to analyze the
impact of human mobility on the link and route lifetimes. How-
ever, the lifetime of links and routesis not only determined by user
mobility but also by different sources of failures like packet col-
lisions, or interference from any sender emitting at the same fre-
quency band. In the absence of motion or location detection sen-
sors, it is not directly possible to distinguish with IEEE 802.11b
hardware between link failures due to human mobility or due to a
collision/interference failure. To solve this problem, we develop a
statistical framework which allows for analyzing the link and route
lifetimes while distinguishing between the two causes of failures.

We find that failures due to human mobility and interference or
collision errors result in very different link and route lifetime dis-
tributions. 1f we presume that there occur only interruptions due to
mobility, 90% of al links would still be available after five min-
utes. In a scenario where interruptions occur only due to interfer-
ence/collision failures, only 67% would remain after five minutes.
With along-term perspective, we observe a different trend. After
55 minutes, only 3% of the links would still be available with mo-
bility interruptions only, whereas 35% would remain with collision
or interference interruptions only.

Finally, we compare two commonly used mobility models with
our measurements and our framework. In particular, we use the
random waypoint [10] and the random reference point group mo-



bility model [7]. Comparing with these two stochastic mobility
models, we obtain avery similar link lifetime distribution as those
measured in our testbed.

To summarize, the contributions of this paper are the following:

e We present the link and route lifetime distributions of an
802.11b ad hoc network consisting of 20 devices carried by
human beings.

e \We present a statistical framework to analyze link and route
lifetime distributions with mobility. We use this framework
to distinguish between collision or interference errors and er-
rors due to mobility, and determine the distribution of each
error type.

e \We compare the empirical link lifetime with the lifetime de-
termined from simulations with the random waypoint mo-
bility model and the random reference point group mobil-
ity model, and show that the simulated distributions are very
close the empirical distribution.

The rest of the paper is organized as follows. In the next section,
we survey related work. In Section 3, we describe the experimental
setup and show the overall link and route lifetime distributions. In
Section 4, we present our statistical framework for the route and
link lifetimes and use it on the empirical data in Section 5. We
compare the empirical lifetimes with simulations in Section 6 and
conclude in Section 7.

2. RELATED WORK

In this section, we discuss related work. We distinguish between
approaches that use synthetic mobility models and approaches which
use network traces to study the impact of mobility in wireless net-
works.

2.1 Mobility Models

Numerous stochastic mobility models, such as the random way-
point or the random reference group mobility model, have been
proposed for evaluating protocols in ad hoc networks. A survey of
the most frequently used stochastic modelsis presented in [4]. Pre-
vious works on theimpact of mobility on thelink and routelifetime
have been conducted mainly with these models. One of the earli-
est analysis was done by Mc Donad and Znati in [13]. They used
a dlightly modified random waypoint mobility model and derived
expressions for the probability of link and path availability. In[6],
link lifetimes were studied from simulations with the random way-
point mobility model, the Gauss-Markov scenario, and the Man-
hattan grid scenario. In [16], the link and path duration is studied
for four different mobility models including the random waypoint,
the reference point group mobility, the freeway, and the Manhat-
tan mobility model. These studies are helpful to understand how
thelifetime of links and routes are affected by the model dependant
mobility patterns. However, they do not discuss or validate whether
the used stochastic mobility patterns are realistic.

More recently, more complex mobility models have been pro-
posed which do no longer model node mobility as a random pro-
cess. For example, the predetermined time tables of public buses
in a city was used by Jetcheva et al. in [9] to predict the location
of each bus at specific points in time. But, such a model can only
be applied to mobile entities which have a deterministic motion
path. Another approach proposed in [15] is based on strategies.
The motion of each node depends on a strategy that the node uses
to achieve a given goal. While being more realistic than stochastic
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motion, it remainsunclear how close thismodel reflectsreal life be-
havior. An interesting approach was proposed in [5]. The authors
use a multi-player game engine (Quake 1) to study player move-
ment in avirtual world. However, it has not been shown how close
the movement in the virtual space corresponds to typical movement
inarea world.

2.2 Real User Mobility

User mobility was studied based on 802.11 WLAN access point
associations of users with their laptops at a campus in [11, 18].
However, these traces reflect a different kind of mobility compared
to the traces used in our work. Users with laptops are typically
not moving while they are associated with an access point; gener-
ally, they move only when the laptops are switched off. The result
from these traces characterize the user’s association behavior with
access points and cannot be easily adopted to study the lifetime of
links and paths in a mobile ad hoc network. In [14], PDAs with
802.11 WLAN interfaces were used instead of laptops. The au-
thors observe a higher degree of mobility than with laptops. How-
ever, since the PDAs are used in infrastructure mode (we operate
the PDAs in ad hoc mode in our experiment), the effect of mobile
users outside the range of an access point is not captured.

Measurements with real user mobility were conducted with PDAs
[17] and Intel iMotes [8] using Bluetooth. In [17], 20 PDAs were
distributed to students at a campus. In [8], the authors distributed
iMotes to conference attenders. In both experiments, each device
periodically scanned the neighborhood with Bluetooth to detect de-
vices in direct proximity. These experiments resemble more our
measurement scenario compared to the setup used with access points.
However, in the two mentioned experiments, the users were much
more widespread and multi-hop end-to-end connectivity between
nodes was less frequent. Therefore, the authors analyze their traces
for delay-tolerant or opportunistic networking scenarios. In adelay-
tolerant network, the time until adata chunk is delivered to a desti-
nation is the dominant metric to look at, compared to the duration
of an end-to-end path as examined in this work. Furthermore, due
to the limitations of the current Bluetooth implementation, it is not
possible to exchange period beacons or to scan the neighborhood
at afrequency of 1 s~' aswedo in our experiment.

To the best of our knowledge, our work isthefirst to study the ef-
fect of user mobility on thelink and path duration with real network
traces from an ad hoc network.

3. TESTBED WITH REAL HUMAN
MOBILITY

In this section, we first describe the experimental setup. Then,
we explain how we reconstructed the connectivity graphs from our
data traces, and finaly, we plot the overall link and route lifetime
distributions.

Note that a preliminary study of the testbed was described in
[12]. Please refer to this paper for general information on the test
network such as for example the average node degree, the average
path length, or number of reachable devices averaged over time.

3.1 Experimental Setup

We established a testbed network at ETH Zurich. The network
consists of 20 identical HP iPAQs hx2400 running Microsoft Win-
dows Mobile Edition 2003. The iPAQs are connected using their
integrated | EEE 802.11b WLAN module (a Samsung SWL-2750C
chipset) turned into ad hoc mode.

During summer 2005, we conducted several experiments where
the described iPAQs were distributed to 20 test users during five



consecutive working days (from 10am to 5pm). Thetest users were
researchers, staff members, and students of a networking research
lab, al working on the samefloor (see[12] for adetailed map of the
setup). The test users were instructed to carry the PDA with them
throughout the day and to recharge the battery whenever necessary
(the autonomy of the battery unfortunately was less than aworking
day, approximately five hours, when WLAN was turned on). A
majority of the test users were researchers and spent most of the
time at their desks. The users became mobile mainly due to lunch
and coffee breaks, for going to the rest room, picking up printouts
in the hallway, or meeting each other for discussions. Some test
users also left the building or even the campus for a certain amount
of time during the experiment.

3.2 Network Connectivity Model

In our experiment, the users did not use the PDAS to actually
communicate with each other. Instead, we ran an autonomous mon-
itoring tool on each iPAQ to detect other devices in transmission
range. The tool periodically sent |P broadcast packets. Note that
802.11b broadcast packets are not acknowledged at the MAC Layer
and transmitted at a fixed bit rate of 1 Mbit/s. The devices in di-
rect transmission range which received a broadcast packet, stored
the arrival time of the packet, the identity (the IP address) of the
sender, and the sequence number of the packet on an external Com-
pact Flash card. The devices were synchronized every morning
before the measurement period. Due to the short observation peri-
ods (one day monitoring before re-synchronization) and the ”long”
inter-packet delay (one second), we did not encounter any inaccu-
racies from clock drifts.

We determine connectivity between nodes based on the history
of received/lost packets. That is, we construct a connectivity graph
for each broadcast time interval. In a connectivity graph, there ex-
istsalink from node a to node b if b receives enough packets from
a within atime window. Note that we calculate the amount of re-
ceived packets for all individual node pairs in both directions and
thus, unidirectional links might occur. For the analysis in this pa
per, we define alink when at least 50% of the packets are received
within the time window.

There are severa reasons that a node might not receive packets
from another node. Two nodes might possibly be too far apart to
be able to receive packets from each other. But also simultaneous
transmissions from a third node might cause packet collisions. In
fact, we observed in our testbed that when many userswerein direct
transmission range, a significant amount of packets was lost due to
collisions. Furthermore, collocated devices emitting at the same
or neighboring frequency bands might cause interference. Since
our experiments took place in alab environment, all sorts of other
WLAN and Bluetooth devices not part of the testbed were on dur-
ing the experiments.

We also thought of using the received signal strength indication
(RSSI) from the MAC layer to measure the link quality and assign
links in the connectivity graph. Unfortunately, the RSSI informa-
tion on the used devices was not reliable enough when the wireless
module was operated in ad hoc mode.

A problem we observed was BSSID partitioning (also observed
in [2]). This occurs after the convergence of network partitions.
There, even if al devices use the same SSID and the same chan-
nel, the devices do not see each other because of different BSSIDs.
Eventually, all deviceswill agree on the same BSSID, however this
convergence might turn out to be slow. As we did not have ac-
cess to the network driver, which would have been necessary to
solve the problem at its root, we implemented a tool which reset
the wireless interface of a device if multiple partitions co-existed
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Figure 1: CDFsof Empirical Overall Link and Route Residual
Lifetime

for longer time periods. Thisworkaround helped us to mitigate the
long convergence time, but the problem remained and could be a
small source of biasin the analysis.

3.3 Overall Link and RouteResidual Lifetimes

There are two statistical view points to look at link and route
lifetimes: (i) the total lifetime of alink or route describes the time
interval between the moment the link (or route) appeared until it
breaks; and (ii) the residual lifetime represents the time interval
between a sample moment after the creation until the link or path
breaks. Generaly, it is not important whether the total or the resid-
ual lifetime is used since the distribution of the total lifetime can
be converted into the distribution of the residual lifetime, and vice
versa. From an application or user perspective, it is more interest-
ing to look at the residua lifetime since communication starts at
arbitrary moments and not necessarily when a new route becomes
available. In the remaining part of the paper, without stating it ex-
plicitly, we always consider the residua lifetime.

We next analyze the overall residual lifetime of the links and
routes in the test network. The overall residual link lifetimeis the
duration of a link between two nodes. The overal residual life-
time is affected by both, errors due to mobility and errors due to
collisions or interference. In Figure 1, we plot the cumulative dis-
tribution function (CDF) for the links (denoted with 1-hop). We
observe that many links break after a small amount of time. After
100 seconds, 20% of the links are unavailable. After 500 seconds,
aready 55% of the links are not available anymore. Interestingly,
for long time intervals, we find that a significant amount of linksis
still available. For example after 3500 seconds, approximately 3%
of the links are till available.

The CDF for the overall residual route lifetimeis also plotted in
Figure 1 individually for routes of different lengths. The distribu-
tions are obtained by counting the remaining lifetime of the short-
est route between all node pairs in the network connectivity graph.
Note that since the nodes are mobile, it is possible that, while mon-
itoring the lifetime of a route, a shorter alternative route becomes
available. However, we always count the remaining lifetime of the
initially computed shortest route. For larger routes, the expected
lifetime significantly decreases. For two-hops routes, the probabil -
ity that a route lasts longer than 3500 seconds is almost equal to
zero. And for two-hops routes, the probability is almost zero after
500 seconds.
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Figure 2: Failure Model

4. GENERAL FRAMEWORK FOR
RESIDUAL LIFETIMES

In this section, we present our statistical framework to model the
lifetime of links and routes. Our main goal is to determine the im-
pact of mobility. For this purpose, we separate the possible failure
reasons into two classes: failures which are due to node mobility
and failures which are independent of node mobility like collisions
or interference. With these two failure probabilities, we first de-
rive the lifetime CDFsfor the case where all nodes are mobile, and
then for the case where some nodes are mobile and some nodes are
fixed. The framework isthen used in the next section to analyze the
data from our experiment.

4.1 Basic Framework with all Mobile Nodes

In our basic model, all users are mobile and behaving in the
same way (the case including nodes behaving differently is han-
died in the next subsection). Furthermore, al devices are reliable
and functioning over time. Our goal is to determine the reason for
link breaks. Therefore, we differentiate between link transmission
failures caused by movement of one of the linked nodes, and other
failures caused by interference from other devices. We define the
corresponding failure probabilities as follows:

e p,(t) = P[T < t]: The probability that the link between
two nodes breaks due to movement of one of the two nodes.

e pi(t) = P[T < t]: The probability that the link between
two nodes breaks due to disturbances from other devices.
They might be packet collisions from other nodes competing
for the wireless channel, or general interference from other
sources sending at the same frequency. In the rest of this pa-
per, we always refer to interference to describe this type of
failures.

With these two independent failure probabilities, we are now able
to formulate the overall lifetime probability of alink. A link con-
sists of two nodes connected over a wireless transmission medium
(see Figure 2(a)). For alink to last longer than timeinterval ¢, none
of the nodes may move away during that time and no interference
may occur. Therefore, the probability that a link lasts longer than
timetis

P[Tine > 1] = (1 = pu(1)) (1 = pu(8))”, €)
and the overadll link lifetime CDF is
PlTin <t] = 1— P[Tiink > {]
= 1-(1-p®)1-p®)> @
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The link lifetime in the absence of interference is then obtained by
setting pi (t) = 0

PlTine < tlpi(t) = 0] = 1= (1=pa(t))? = 2pa(t) —p2(t), (3)

and for the link lifetime CDF in the absence of node mobility, we
setp,(t) =0

P[Tiink < t|pn(t) = 0] = pu(t). 4

The same reasoning leads us to the conditional lifetime CDF of
routes, meaning the lifetime CDF of routes in the absence of mo-
bility or interference failures. A route consists of a set of nodes
connected with links (see Figure 2(b)). If N isthe number of links
inaroute, N + 1 isthe number of nodes which are part of the route
(IV is3inthefigure). For aroute to last longer than the time inter-
val ¢, none of the N + 1 nodes may move away and none of the N
wireless connections between the nodes may be disturbed with in-
terference during that time. Thus, the probability that a route lasts
longer thantimet is

PlTroue > t] = (1 — pi(£))™ (1 = pa ()™, (5)
and the route lifetime CDF is
PlTowe <t] =1— (1=p()" (1 -p.()) . (8

The conditional route lifetime CDF in the absence of interference
isthen

PlTrowe < tpu(t) =0 =1— (1 —pu(®)" ", (7
and the conditional route lifetime CDF in the absence of node mo-
bility

PlTiowe < tlpn(t) = 0] = 1 — (1 — pu(t)) "

4.2 Extension with Fixed Nodes

The model introduced above is based on the assumption that al
the nodes behave in the same way (that all nodes are mobile). How-
ever, if some nodes are static, this assumption is no longer true and
the derived lifetimes are no longer correct. In the following, we re-
lax from this strict assumption and extend our framework for cases
where nodes behave differently, namely part of the nodes are mo-
bile, and the remaining nodes are static.

For space reasons, we only derive the overall route lifetime, and
refer to the technical report version of the paper for the conditional
route lifetimes and link lifetime distributions. These distributions
can easily be derived in the same manner as shown in the previous
subsection.

Let M be the number of mobile nodes out of N + 1 nodesin a
route. Then, according to the law of total probability, the overall
probability that a route does not break during thetimeinterval ¢ is

®

N+1
PlTroe < t] = Y PlTre < t{M =m] - P[M =m], (9)

m=0

where P[M = m] isthe probability that aroute contains m mobile
nodes. According to Equation (6), the conditiona route lifetime
probability is given by

PlTrowe < t{M =m] =1 — (1= pi(t))™ (1 = pa(t))™. (20)

To obtain the probability that a particular route contains m mo-
bile nodes, we assume that the nodes are spatialy distributed in
such away that the probability of the next hop in aroute to be fixed
or mobile is equal to the number of remaining fixed/mobile nodes
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Figure 3: Probability that the residual lifetime of a route is
smaller than timet (see Equation (12)) vs. the number of hops
for static (red), mobile (green) and partially mobile (blue) ad
hoc networks. pj = 0.1 and p, = 0.05 areused in the plot.

divided by the total number of remaining nodes. This assumption
implies that the probability that a route contains m mobile nodes
is hypergeometricaly distributed. Thus, if M is the set of mobile
nodes and F isthe set of fixed nodes in the network, then the prob-
ability that a route contains m mobile nodesis

(o) (i)

PIM = m] = (12)

where | M| and |F| denote the number of nodes in each set. Sub-
stituting Equation (10) and (11) into (9) finally yields

N+1

P[Troute < t] = Z (1 - (1 _pl(t))N : (1 - pn(t))m)'

o (M) (L)

(12)

To illustrate the effect of the model extension for fixed nodes, we
plot Equation 12 in Figure 3 for typical values of fixed nodes in a
network of 20 nodes. The curves show the probability that a route
breaks within time ¢ depending on the route lengths. For the plot,
we assumed the failure probabilitiesto be p,, = 0.05 and p; = 0.1.
The bullet curve shows the distribution when all nodes are mobile
(IF] = 0,|M| = 20), the crossed curve when all nodes are fixed
(IF] = 20,|M| = 0), and the curve with circles when 10 nodes
are fixed and 10 nodes are mobile (| F| = 10, | M| = 10). Notice
the larger discrepancy of the green and blue curve to the red curve
for larger routes.

5. ANALYSISOF TESTBED TRACES

In this section, we use our framework to analyze the cause of link
and route failuresin the PDA test network. In particular, we arein-
terested in how often link failures were due to moving nodes. Note
that as such, it is not possible to answer this question by just look-
ing at the packet traces. When we observe that a node no longer
receives broadcast packets from another node for a certain amount
of time, we cannot directly tell if the node moved away or colli-
siong/interference was the cause.

The method to separate the two causes of failures works as fol-
lows. We first estimate the failure probabilities p,, and p; from the
given overall route lifetime CDF (see Figure 1). The estimation

—+—empirical data
—e— |east squares approximation

Figure 4: Probability that thelifetime of arouteisshorter than
5 minutes versus the route length. Empirical and least square
approximation of Equation (12) on empirical data are plotted.
Resulting error probabilitiesare pi = 0.33 and pn = 0.04.

timin] | @ Dn
0 0 0
5 033 | 0.04
10 0.40 | 0.18
15 0.44 | 0.30
20 0.46 | 0.40
25 0.50 | 0.47
30 054 | 0.54
35 0.55 | 0.63
40 0.57 | 0.69
45 0.60 | 0.74
50 0.61 | 0.79
55 0.65 | 0.82

Table 1: Estimated failure probabilitiesin test network. p; is
the probability that a link breaks within time ¢ due to inter-
ference or collisions. p, isthe probability that a node moves
within timet in such away that an existing link breaks.

method is based on the fact that the failure probabilities are used
in adifferent power order in the CDF for the overal route lifetime
(see Equation (6) and (12)). Then, we insert the two failure prob-
abilities in the equations for the conditional lifetime distributions.
Finally wefit an analytical distribution on the resulting conditional
CDF.

5.1 Estimation of Failure Probabilities

To estimate the failure probabilities p,, and p;, we first plot the
overdl route lifetime probability for constant time values against
the number of hops per route on the horizontal axis. Then, we make
a least square approximation of Equation (12) on each curve. An
examplefor ¢t = 5 minisshownin Figure4. The curvewith crosses
represents the empirical distribution. This distribution stands for
the probability that a route of N links will last less than five min-
utes. The curve with circles is the least square approximation of
Equation (12) on the curve with crosses. Each approximation per
time value yields an estimation of the corresponding failure prob-
abilities. The failure probabilities for ¢t = 5 min are p;(5 min) =
0.33 and p,, (5 min) = 0.04.

By repeating this procedure for different values of ¢, we obtain
the failure probability distributions for p,, (t) and p; (¢). The values
fort =0,5,...,55 min are listed in Table 1. The two distributions
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Figure5: CDF of conditional residual link lifetime

show an interesting trend. For small time values (a few minutes),
the probability p,, that anode movesin such away that alink breaks
issignificantly smaller than the probability p; that alink breaks due
to interference. For ¢ = 30 min, the probability for both failuresis
equal and for large time values, the failure probability that a link
breaks due to node mobility dominates. We find this trend very
intuitive. At places with many possible sources of interference, a
link will likely break quickly. In contrast, users tend to stay at the
same location for quite some time but then move away with a high
probability.

Note that for the estimation of the failure probabilities, we as-
sumed that five nodes are fixed (|F| = 5), and the remaining fif-
teen nodes are mobile (| M| = 15). These values are based on our
personal observation on how often people forgot their PDAs at their
desk, and how often the PDAs had to be recharged. We also used
different values of fixed and mobile nodes to see the sensitivity of
these two parameters. We observed that small variations in the pa-
rameters do not have an impact on the trends we are presenting.

To get the link lifetime CDF with only mobility failures and with
only interference failures, wefirst insert the estimated failure prob-
abilities p,, and p; in the analytical equations derived in previous
section (Equation (3) and (4)). The result is plotted in Figure 5.
The circles represent the values with only mobility failures and the
crosses represent the values with only interference failures. For
comparison, we also plot the overal link lifetime CDF (including
both sort of failures and represented with the dashed curve). When
comparing the CDF with only mobility failures to the CDF with
only interference errors from the figure, we clearly distinguish two
separate regions. For small time values, most links break due to
interference or collisions errors. At around ¢ = 600 seconds, both
CDFs intersect and the probability that a link breaks is equal for
both sort of failures. For larger time values, the mobility failures
dominate the link failures. Another interesting trend is that in con-
trast to the CDF with mobility failures which is very closeto 1 for
t = 3500s, the CDF with only interference errors reaches approxi-
mately 0.63. That means that when thereis no mobility, links break
quickly or remain stable for along period.

We also investigated how well an analytical distribution fits the
measurements. Since we are considering lifetime distributions, the
Weibull distribution is a natural choice as it is used in reliability
theory to model the lifetime of objects. The density function of the
Weibull distribution is given by

f)=a-8-t°1.e >0 (13)

The Weibull distribution is a generalization of well known distri-
butions such as the exponential distribution or the Raleigh distri-

bution. However, the Weibull distribution models the total lifetime
of objects whereas in our paper, we consider the residual lifetime.
We therefore transform the Weibull density function for residual
lifetimes. We achieve this by using the law of total probability:

f(t) = / T Rt - fulr) - dr, (14)

where f:(7) denotes the probability density function (PDF) of the
total lifetime. Given the total lifetime = of alink, the residual life-
time is uniformly distributed in the interval [0 7]. Therefore, we
can write

81 =’ gr t>0, (15
: t < 0.

St Ho<t<r}-a-p
o - |
0

. BB2 . gt
S A N A dr, £20, g
0, t<O0.

The according CDF isfound by integration

Fr(t): { f(: fnooa'ﬁ'TB_Q'e_a-Tﬁ'dT'dTh t207
0, t<0.
17
Note that none of the appearing integrals can be solved analytically.
The parameters of the original Weibull distribution which best
fits our data and which we used in Figure 5 are « = 1.35 - 1076,
B = 1.725 for the CDF with mobility failuresonly and o = 0.021,
B = 0.43 for the CDF with only interference failures. Aswe ex-
pected, the good fit of the distribution with the empirical values
shows that the Weibull distribution modelswell the conditional link
absolute lifetimes in our experiment.

5.2 Conditional Route Lifetime CDF

We plot the Weibull approximations of the CDF for the condi-
tional route lifetimesin Figure 6. In Figure 6(a), we see the CDFs
for 2-hops routes, in Figure 6(b) for 3-hops routes and in Figure
6(c) for 6-hopsroutes. Theintersection point of the CDFsfor routes
of different lengths remains approximately at the same time value
around t = 600 seconds. However, as the route length increases,
the probability that aroute remains stable for that long significantly
decreases. For 6-hops routes, almost all routes are broken before
t = 600s. Thus, we conclude that for large routes, the effect of
collision and interference errors dominates the effect of mobility
failures.

6. COMPARISONWITH MOBILITY
MODELS

Many protocols for mobile ad hoc networks have been evaluated
with simulations using synthetic mobility models. However, few
results were published that verify if these models really reflect the
mobility behavior of real users. In this section, we describe our re-
sults that are going in that direction. Specifically, we compare the
link lifetime from our experiment with the lifetime distribution we
obtain from simulations of two popular mobility models: the ran-
dom waypoint model [10] and the random reference point group
mobility model [7]. Note that this direct comparison is only possi-
ble because we managed in the previous section to isolate the cause
of link failures into mobility failures and failures due to collisions
or interference.
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6.1 Simulation Parameters

We set the parameters of the simulation to be as close as pos-
sible to the experiment settings. Thus, the number of nodes is set
to twenty, whereas 15 nodes are mobile and five nodes are fixed.
The simulation plane is set to a rectangle of 100x20 meters which
roughly corresponds to the effective size of the floor where the
users were working. The node speed is set to 1m/s correspond-
ing to the walking speed of humans. The wireless range r of each
device varies between 15 and 25 meters and we assume that there
exists a bidirectional link between two devices if their geometric
distance is smaller than the wireless range.

As mobility models, we use the random waypoint and the ran-
dom reference point group mobility model as described in [10] and
[7]. Sincethe behavior of the node mobility changes after aninitial
startup phase [3], we remove the beginning of each simulation run
and consider the simulations only after we observe convergence.
Both, the random waypoint and the random reference point group
mobility model, have the notion of pause time to specify thetime a
node hasto wait after it arrives at its destination point. We vary the
pause time p between 15 and 45 minutes based on our observation
during the experiment.

6.2 Results

Wefirst present the simulation results with the random waypoint
mobility model. In Figure 7, we plot the link lifetime CDFs ob-
tained with ssimulations for different wireless ranges and different
pause times. To compare with the empirical CDF, we have to use
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the conditional lifetime CDF with only mobility errors which is
the continuous curve in the plot. For completeness, we aso plot
the overall lifetime CDF (dashed curve) with both sort of failures.
The main issue we observe is that the shape of the empirical CDF
with only mobility failuresfits very well to the CDFs obtained with
simulations. For a pause time of p = 30 minutes and a wireless
range of r = 25 meters (which are close to our observations of the
test users), the empirical CDF is amost identical to the simulated
CDF. Notice that the overall empirical CDF is not matching any
simulated CDFs.

We show the results of the simulations with the random refer-
ence point group mobility model in Figure 8. We used different
numbers of groups and different group sizes. We show the result-
ing CDF for one group of 20 users (20), two groups of ten users
(10,10), four groups of five users (5,5,5,5), nine groups of different
sizes (6,3,3,2,2,1,1,1,1), and 20 groups of one user (1,...,.1). The
empirical CDF is the dashed curve. The CDFs for four groups of
five users and nine groups of different size are almost identical to
the empirical CDF. The remaining CDFs have a similar shape but
depending on the number of groups, links tend to break earlier or
later than in our experiment.

We did not plot the route residua lifetime CDFs from the sim-
ulations due to space limitations, but they aso fit for both models
very well to the empirical CDF.

We conclude that both model s, the random waypoint and the ran-
dom reference point group, model user mobility in such away that
the resulting link and route residual lifetime distributions are the



same as in our experiment. For applications and network protocols
which are affected by these metrics, both synthetic models are thus
suitable.

7. CONCLUSIONS

The goal of this paper was to analyze the impact of human mo-
bility on the link and route lifetime of mobile ad hoc networks. For
this purpose, we analyzed the data gathered from areal ad hoc net-
work of 20 PDAs connected via 802.11b wireless interfaces. In
order to separate mobility and collisions/interference as causes of
link failures, we developed a general framework to model the link
and route lifetimes. With the help of this framework, we were able
to study the impact of both sort of failures separately. We found
that interruptions due to human mobility and collisions/interference
have a completely different impact on the lifetime of links and
routes. We can distinguish two separate regions. for small life-
times, most link breaks are due to interference/collision errorswhile
for large lifetimes, most failures occur due to mobility. Such are-
sult iscrucia for the design of new MAC and link layer protocols.
The more likely the error is due to mobility, the less efforts should
be wasted to re-establish the connection. Finally, we compared the
empirical link lifetime with those obtained by statistical mobility
models. The results show that the distribution of the random way-
point and the random reference point group mobility models are
very close the empirical distribution.

Although the framework for the residual lifetimeswas devel oped
for thisanalysis, it is not specific to our testbed. The framework is
generic and can be applied to different type of data sets. As part of
our future work, we plan to use the acquired insights for the design
of new MAC and network layer protocols.
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