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Abstract—Opportunistic networking, where node mobility is  This is an important parameter in mobility-assisted neksor
utilized to achieve message delivery, has become an imponta as contact times represent the duration of message communi-
class of mobile ad hoc networking. A critical component of cation opportunity upon a contact. We then analyticallyveho

performance analysis for opportunistic networking is a basc that nodal int tact fi be cl | imated
understanding of contact and inter-contact times for commaly at nodal inter-contact umes can be closely approxima

studied mobility models. In this paper we give original resits €xponentially distributed under Random Waypoint (RWP) and
nodal contact-times and analytically show that inter-conact times Random Direction (RD) mobility models. This is important

of mobile nodes can be closely approximated as exponentiall in understanding the performance of routing schemes for
distributed in Random Waypoint and Random Direction mobility opportunistic networks, as the inter-contact times of 1scare

models. We then examine the effect ofHELLO intervals on th . t of del Understanding th
the observed inter-contact rate of nodes. Through extensd/ € major component of message delay. Understanding the

simulation study, we show that our analytical results for mdility ~ rate and exponentiality characteristics of inter-contaves
characteristics are accurate. under RWP and RD models is useful in two aspects. Firstly,

it allows the experimenter to use these models when it is
assumed that the underlying mobility has exponential inter
Routing schemes for traditional mobile ad hoc networksontact times. Secondly, it enables the analysis and exiam
(MANETS) assume that nodes are well connected most of performance measurements based on the exponentiality
the time. Generally, proactive schemes, where nodes try dearacteristics when these mobility models are used inrexpe
keep up to date routing information [24], or reactive schemdments. For inter-contact times, we extend our resultshéurt
where nodes find routing paths on demand [17,25], are udsd considering the effect of beaconing/ELL0O) messages
to achieve message delivery. Both schemes assume that tlaeréhe observed inter-contact rate. This result is impaoritan
exists an end-to-end path from source to destination atrtiee t understanding the trade-offs when tuning beaconing iatsyv
of message transfer. However, such assumptions do not hsilidce largerHELLO intervals decrease energy usage, while
true when the mobile network is sparse and is intermittentigcreasing inter-contact times, contributing to largerseage
connected. delays. Through extensive simulation study, we show that ou
Routing methods for such sparse mobile networks useanalytical results for mobility characteristics are aater
different paradigm for message delivery; these schemizeuti  The rest of the paper is organized as follows. Section 1l goes
node mobility by having nodes carry messages, waiting foker the background and related work. Section IlI discusses
an opportunity to transfer messages to the destinationer the stochastic mobility properties of the Random Waypoint
next relay rather than transmitting them over a path [1&nd Random Direction mobility models. Section V presents
26, 29, 30, 35]. Opportunistic networking (ON), where nodexperimental results. Finally, Section VI concludes thpepa
mobility is utilized to achieve message delivery, has bezom
an important class of mobile ad hoc networking. Under such Il. BACKGROUND AND RELATED WORK
opportunistic network routing protocols [31], nodes fordia
messages only when they encounter the appropriate relay oMobility models play an important role in the simulation
the destination node. Due to this dependence on mobilistudy of mobile networks. Two common mobility models are
understanding mobility characteristics such as intetaxin the Random Waypoint (RWP) and Random Direction (RD).
times of mobile nodes within each other or at a static locati@ther mobility models are proposed by different groups [1, 6
plays an important role in the design and analysis of routirgy 10, 31]. Also, issues such as non-uniform node distiouti
algorithms under this paradigm. and speed decay have been addressed for the RWP model [3,
In this paper we first give analytical results for node conta83]. However, RWP and RD mobility models are currently
times when two nodes come into contact with each othevidely used in network simulations and are the focus of
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our study. Before we continue our discussion we go over The expected aggregate node spe€d,when considering
background, assumptions, and related work. pause times is given as

wll

A. Background *

V==
. . T+T,

In this study, we focus on two epoch-based mobility models: + pause
Random Waypoint (RWP) and Random Direction (RD). For Nodes are assumed to have circular radio range with radius
practical purposes, we consider a two-dimensional systemFor the case of sparse mobile networks, we assume that
spaceA of size A as a square area of widthor a circular 7 < a and thatr < L.
region with r.ad|u31. The move_mer_ﬂ of a node from a startln%. Related Work
position to its next destination is denoted asmavement _ _ _ N
epoch, or anepoch in short. In epoch-based mobility schemes, The stochastic properties of the Random Waypoint mobility
a node starts from poinPi c A, and moves to anothermodel have been eXtenSiVely studied [2,3, 20,23] Similar
point P,,; € A according to the movement semantics oftudies are also available for the Random Direction model
the mob|||ty model to Comp|ete the epoch_ It then paus&,s, 22] Most Of these StudieS fOCUS on I’IOde diStI’ibutionS
for a random amount of tim&,, randomly chosen with the €Poch lengths, and movement directions, and are a foumdatio
expected value OTpause- This process repeats in this mannefor further analysis of node movement characteristics unde
We usef/ to denote average epoch distance, and I_ism the m0b|l|ty models. Analytical results for transient beioa
denote average epoch duration. The movement Spemj Of nOdeS Under RWP and RD are presented in [12] MOdeling
uniformly and randomly chosen froMfv,in, Vmaz], Where of steady-state and transient behaviors of user mobilisetha

)

0 < Upmin < Umas < 00. on real world traces are discussed in [21]. Results for the
Formally, Random Waypoint can be specified as a stochagig*ectediitting time andmeeting timein RWP and RD models
process are given in [31] in the context of mobility-assisted rogtin
Similar results are presented in [13] for the analysis ofsage
{P;, Tpi, Vitien = {(P1, Tp1, V1), (P2, Tp2, Vo), -+ } delay under sparse networks.

. ) ) i In our study, we focus on the rate and the distribution
wr}er(_eTp,if s t(;‘e gaqse trlwm'ﬁ‘ at wa;]yponﬂi, and V; (|js th% of inter-contact times under RWP and RD models. This is
velocity of node during the ™ epoch. P, is assumed 10 be o046 the inter-contact time is the main contributingpfac

|nq$per:den;|y andf identically d'St”bUtz(.j .(""d) at r_amj fto message delays as the effects of the contact time and
uniformly chosen fromA. Due to ergodicity properties of ,q message transfer time are comparatively small under

movement and distribution under RWP [2], the average epoﬁ}bical opportunistic network conditions. To analyze mte

length for a convex areal is given by contact times we first view node activities as interleaving
_ 1 encounters and departures—nodes spend some time within
L= E/A/A”Pl = Bof|dPrdP (1) each others radio range after a contact, and spend some
] ) . more time before they encounter each other again. We show

where||P, — P| is the distance between waypoints and analytically that inter-contact times in RWP and RD models

P,. That is, the analysis of stochastic properties under RWB, he closely approximated by an exponential distribution

model can be simplified by only considering two independeghq provide analytical and experimental results. Furtsiage
points randomly chosen from system area. For a square agdssage transfers only occur when nodes meet each other, we
of sizea x a, we haveL = 0.5214a, and for a circle of radius 4|59 discuss the contact time of nodes when they come into

a, we havel, = 0.9054a [2]. - contact. We also discuss the effectsheflo intervals on the
Similarly, the Random Direction can be specified as gyserved inter-contact rate.
stochastic process The near-exponential distribution of inter-contact times
RWP and RD models surfaces in different experimental stud-
(T3, Ty, Viiew = {(T1, Tp1, V1), (T3, Ty 2, Vi) -+ } b

ies [13,32]. In [13], authors analyze the message delay in

where T; is the duration ofi" epoch, and is randomly epidemic routing under the assumption that the inter-ainta
generated from an exponential distribution with an avera§jgnes are exponentially distributed, and experimentadlyify
of T = L/v. As in RWP, T, ; is the pause time before ti® the validity of the assumption under Random Waypoint and
epoch startsV; denotes the velocity at the start of epogh Random Direction models. Based on this exponentiality as-
and may change its direction if the border is reached befdimption, further modeling of Epidemic routing performanc
T; elapses. is provided in [34]. Many studies also use Markovian model

A|though movement direction may Change during an epocﬂﬁ),r node inter-contact times with or without assuming RWP
as in the case of Random Direction with reflection, we assurile RD mobility model [27-29,32]. Unlike this earlier work,
the speed remains the same in an epoch. The average n8eshow that the inter-contact times can be approximated as
speedy, is defined as exponentially distributed. This helps to simplify the arsd
of routing schemes under RWP or RD models, and to relate
experimental results to analytical models. It also enabte®
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use these two mobility models for simulation when the inter- y ohile node
contact times are known to be exponentially distributed. SV
Understanding the movement characteristics of common B y X
mobility models and performance analysis are important in
the understanding and evaluation of MANET routing schemes.
We believe that our analysis of mobility characteristicel an
performance metrics will be helpful in the analysis and glesi
of various opportunistic routing schemes for intermithgnt
connected mobile networks.

Ill. STOCHASTIC PROPERTIES OFMOBILITY MODELS

In this section, we study the statistical properties of node
encounters, focusing on node inter-contact times and cbnta
times using two commonly used mobility models: Random
Waypoint (RWP) and Random Direction (RD). Within node
inter-contact times, we look at inter-contact times betwse
mobile nodes and inter-contact times of a mobile to a static
location.

From the viewpoint of a mobility model, node movements
consist of interleaving periods of movements and pausesaFrwhere the direction from\/ to N is taken as the direction
an application’s point of view, nod&’ sees the movementsof z-axis and the movement angle measured fromxis is
of another nodeM in terms of the time thaf\/ spends in assumed to be uniform. We note that our result for the contact
its radio range, which we call antact time, and theinter- time is consequently different from the result given in [16]
contact time between two contacts. The contact time is definédfe empirically validate our results in Section V.
as the time elapsed from a node’s entry into another node’sTheorem 1. Let r be the radius of radio range and tebe
radio range until its consequent exit. The inter-contanetis the radius of system area. Under the assumptionithata,
defined as the time passed since previous exit until nexy entine expected contact timé&,, of a static node and a mobile

Fig. 1. Calculation of Contact Time

into the radio range. node is given as:
In this section, we first provide analytical results for node T = m
contact times. We then analytically show that nodal inter- 20*

contact times under RWP and RD mobility models can Bgnhere v* is the expected aggregate speed given in Equa-
closely approximated as exponentially distributed undesid ton (2).

assumptions. Further, we provide analytical results fiatires Proof: We first examine the case where there is no epoch
speeds of mobile nodes for the two mobility models, which athange whileM covers the distancdy, from E to X. We

necessary to calculate the inter-contact rates and aréuh#lp {hen extend our result by considering the case where an epoch
explaining the differences in inter-contact rates of RWH ahange occurs befor®l exits the radio range ai.

RD mobility models. To calculately, we introduce two auxiliary segmenf$ X

and NE as shown in the figure. We usg to denote the

) , , intersection of EX andy-axis. It is easy to see that
As discussed above, the contact time is one of the two

important aspects of node mobility from the viewpoint of an lo=||EX| = 2rcosf = Qm

application. It provides an estimate of the expected time tw

nodes will have for message exchange when they come iiice the intersection poigtcan occur anywhere in the range

contact. of (—r,r), the expected distance covered within the cirtje,
In terms of movement behavior upon entering the radian be given as follows:

range of another node, there are no fundamental differences

A. Contact Times

. . - 1 (7
between RWP and RD mobility models, especially when lp = > 24/12 —y2dy = %T 3)
r < L. Hence, we do not discriminate between the two models " er
in our analysis of contact times. The result above is obtained under the assumption that

Figure 1 depicts the scenario where nadeis moving into - goes not change within the radio range. Giveris small
the radio range of nod® at velocnyv.Wg take the position, compared toL, we can ignore the probability of two or
Py of nodeN as the center of the coordinate system and thgore direction changes, and only consider the case where one

direction of M’s velocity v’ to be the direction of-axis. Here direction change may occur, the probability for whidh, can
we assume that the PDF of a mobile node crossingtheis at e estimated as

a pointy is uniform in the rangé—r, r). This is reasonable as lo
we assume that < . This assumption is different from [16] P = T



The expected distance covered in the circle before the eéhamgie to ergodicity, and the inter-contact times can be desdri
occurs isly/2. We have calculated that the expected distancsing a geometric distribution in terms of epochs:
covered before node exits the radio circle from the pause n - n
location is approximatel9.9r (see Appendix). Therefore, the P(Nyit > n) = (1—p)" = (1 —2rLf(, y)) ©)
expected distance thatl covers before exiting the circle is: Here N;;; denotes the epoch thaf comes into contact with
N, and P(Ny;y > n) denotes probability thal/ has not

_ _ I
I = lb(1-P)+ PC(EO +0.97) encounteredV till after n epochs. This result is given in [31]
~ - as hitting time of a mobile node at a random location at a
= lo+ %(3.6 —m)lo static position a{x, y), assuming thaf\/ starts its movement

at a random location at time 0.

Since the node movement in one epoch continues in the
The approximation holds true & = Iy/L is small compared same direction till the end of an epoch, and we cannot extend
to 1, andP.(3.6 — 7)/2m = 0.07FP, < 1. the results above for arbitrarily small time intervals ae th

Since the average pause between two epoclisis,., the independence assumption does not hold within an epoch,
expected time spent in the radio rand@e;, can be expressedcontrary to the argument in [14]. Further, for inter-comtac

~ lo

as follows: time we have to consider that once two nodes come into
B I B contact, the position of the mobile node can no longer be
Te = - P Tpquse considered random as the next inter-contact time is catala
o o from the tim_e when the mobile_node exit_s the radio range.
~ 7 + T Lpause Below we discuss factors affecting nodal inter-contactesm
AT after a contact, and show that hitting times and inter-azinta
= Jo(—=2) times abovel .57 can be closely approximated as exponential
o L using analytical results.

= (4) As discussed above, mobile nodle spends some time with
.nthe radio range of nodé&v and eventually moves out. The
&pected distance betwee¥ and M when M pauses and
chooses a new speed and direction can be approximated as
L/2. We know from Equation (1) that denotes the expected
distance between two endpoints in the stationary disiohut

of RWP. On one hand, this means$ starts a new epoch at a
closer location than the average case in stationary disipito.

B. Inter-contact Times in Random Waypoint Model Intuitively, it can be expected that this decreases ther-inte

We first show that after reaching stationary distributidrg t COntact time. Further, as given in [2] the mobile node is more
contact times of mobile nodes at a static location can betylos!Kely to choose a direction in the opposite direction, whic

approximated as exponentially distributed, and show thlt also inqreases the likelihood of crossing the radio range_of
also holds true for inter-contact times under our assumptio"€ Static node. On the other hand, the expected contaet-tim

regarding the network. We use the expected spegth our increases sincé/ is expected to continue its movement away

calculations, and the aggregate speedcan be used if pause oM  for a distancel,/2, for a total round-trip distance df,
times need to be considered. or a round-trip time off". In other words, inter-contact times

1) Inter-contact Times of a Mobile and a Satic Node: Due  Smaller tharil” have lower likelihood of happening.
to i.i.d. property of node movements in RWP, we only have If the nodeM chooses a random waypoint such that it does
to consider the mobility of a single node. Given that the PDRO! €ross the radio range of the static node, it will be at a

f(z,y) denotes the probability density of node distributiofPt@lly independent position after coveridgin an expected
of mobile nodeM at position (z, y), the probability,p, of time of 7. Under this condition, the expected time to reach

M going through the radio range oV in an epoch is the new waypoint isl.57. Although we can see from the
approximated as follows [14, 31]: analysis above that the inter-contact times cannot be raddel

as exponential, when the average epoch tiffig,is much

p=2rLf(z,y) (5) Zma!ler Fhan fche e_xpected_inter-contact timg, the geomgtric
istribution given in Equation (6) can be closely approxiaca
This is becausel/ can cross anywhere in the segmerds exponential. For this, we give the following lemma:

(—r,r) of length2r in they-axis, as shown in Figure 1, during Lemma 1: Let » be the radio range radius, let be the

an epoch. Her¢ (z, y) is used to approximate the PDF of nodeadius of the system area, [Etbe the expected epoch duration,

distribution within the radio range, which is reasonabléem and letT;. be the expected hitting time. Assuming< a, then

the assumption that < a. Although two consecutive epochsT’/T;. = p < 1 holds true.

are not independent due to the overlap of end-points, we can

view epochs in RWP model as independent as shown in [2] Proof:

the definition of the aggregate speedas given in Equation
(2). [ |

When both nodes are mobile, relative speedvhich we
discuss below, is used instead ©fn the calculation ofl.



0.8 for upper and lower bounds of the CDFt), respectively.
07| Since any CDF is monoatically increasing, regardless of the
" [ Upper bound: 1-exp(-A(x+T)) shape of F(t) between point(i,1 — (1 — p)) and point
0.6 r (i+1,1—(1—p)*t) fori = 0,1,..., the CDF is totally
05 | contained within the rectangular region bounded by the CDFs
w e of two bounding geometric distributiongz (i) and F} (i),
Q0.4 / - . .
O 5 as shown in Figure 2. Further, we boutf (i) and F}.(i)
03 ¢ L e bound: Lexo(aceT | using two exponential CDFsFY(t) = 1 — e *(*7) and
o2l ower bound: 1-exp(A(-T) | FL(t) =1 —e*t=T) respectively. Since = —In(1 —p)/T
aVa the following holds true for = 0,1,...:
01 Geometric Distribution
0 ‘ ‘ . F(X) = 1-exp(-Ax), ‘
0 2 4 6 8 10 12 14 16 Fi(ixT)=1—¢ DT =1 _ (1 — p)itl = F(i)
Time (x T) ’

Considering that the result above and the fact thti) is
Fig. 2. Exponential Bounds for Geometric Distributions constant in time interva[lz’T, (i + 1)T), and F¥(t) is strictly
monotically increasing during the same interval, we can see
) o ) . thatF*(i) is upper bounded by (¢) for ¢t > 0. Using similar
Since the hitting time can be described as geometric d'Stgl'halySis we can show that! (i) is lower bounded by’ (t)
bution as described in Equation (6), the expected hittingti ¢, g *
is given asTl;. = T'/p. Without loss generality we assume that

f(x,y) = 1/a® to obtain the following:
T 2Ly

rt> T, as shown in Figure 2.

As given above, the CDF of the inter-contact timg$t), is

upper- and lower-bounded by*(¢) and F(t), respectively. It
- r is not hard derive thak, (t) — F'(t) is monotically decreasing:

= =p=2rLf(z,y) = — ~ -

T a* d(Fu(t) = F(t))
As r < a, the assumption thal'/T;. = p < 1 holds. dt
Similar result can be obtained for circular regions. and has the largest value OF, () — F(t))|,—o = 1 — e —

(1—¢€% = p att = 0. It can be similarly obtained for the
S ] F(t) — Fi(t) is monotically decreasing far> T and has the
Alth_ough the geor_netrlc_dlstnbutmn is used to describe thﬁrgest value atF(t) — F(1))|,— = 1 —e M _(1-¢ =p
node mter-contac_t times in terms of_ the number of epochs timet = 7. This completes the required proof.
nodes can come into contact at any time during an epoch. We
use F'(t) for CDF of inter-contact times in continuous time
domain. With the theorem given below we quantify the bounds
of exponential approximation of hitting times and intertarct
times using an exponential distribution with a rate Jof=

= ANe M) _ gAYy <0 o<t

The implications of the theorem above are that inter-cdntac
times can be closely approximated as exponential excet for
~In(1— p)/T, where we use, (1) to denote the CDF of the small |nte.r\{al[0,.1.5T], asT <« T;.. Using the same reasoning
L2 A above, hitting times can be also shown to follow the same

approximating exponential distribution. .

Th > Letr be the radi f radi letbe th bounds. We can also see that since« 1, the bounds also

di eor?m 't etrbe @ebrathlus 0 rat '3 rangi, de et' el tht. Further, the geometric distributions used as uppad
r_ablu;o Sys eT 3rea, 4 i € eﬁplec € depoc ura '%n’ fower-bounds above corresponds to the assumptions that nod
;}h ePDIS efxpeg ed_S{J%e " 0 atmo 'It'e no e,Fantgr:det ?é) f_e contacts only occur at the beginning of an epoch or at the end

e of node distribution at positid, y). Further, define of an epoch, respectively. Since the probability of comimg i

.IS as interval [.1'5T’ 00). Assumingr < a, the d|s_tr|but|on contact with the static node during an epoch can be considere
inter-contact timest € I; can be closely approximated as

tially distributed satisfving the followi i uniformly distributed within the epoch without any specific
exponentially distributed satisfying the following cotidn assumptions, the CDF of inter-contact times can be expected

to be much closer to that of the approximating exponential
distribution, and the the upper and lower bounds can also be
expected to much tighter than the results given above.
wherep is given by Equation (5), and satisfies the condition 2) |nter-contact Times of Two Mobile Nodes:

sup  |Fo(t) = F(t) <p
te[1.5T,00)

p < 1 as given in Lemma 1. Theorem 3: Let r be the radius of radio range, letbe the
radius of system area, 16t be the expected epoch duration,
Proof: let v be the expected speed of a mobile node and(ety) be

As discussed above, hitting times and inter-contact timése PDF of node distribution at positidm, y). Further, define
larger than1.5T can be described using a geometric distri, as interval[1.5T, 00). Assumingr < a, the distribution
bution as given in Equation (6). We introduce two geometriaf inter-contact times of two mobile nodes ine I, can be
distributionsF (i) = 1 — (1 —p)"** andF}(i) = 1— (1—p)’, closely approximated as exponentially distributed sgitisf



the following condition:

sup  |Fy(t) — F(t)| <p
te[1.5T,00)
where p = 2rpL/A, in which p = A [[ f?(z,y)dzdy.
Further, F(t) is the CDF of inter-contact times, arfg,(¢) is
the CDF of approximating exponential distribution witherat
A= —In(1—p)/T.

Proof: The proof for the inter-contact rate for two mobile
nodes are mostly similar to Theorem 2 above, except for the
calculation of inter-contact rate is are discussed below, ia
thus omitted. [ ]

The inter-contact time of two mobile nodes is given as the
expectedneeting time in [31]. Under the simplifying condition
that Tpause =0, the expected meeting time given in [31] carfrig. 3.  Uniformity of Relative Movement Angle Distributioof Mobile
be written as: Nodes

EMrwp = % = i
2rorpy 210 let us take the center of the circular regi@h, as the origin of
wherei,.,,, is the normalized relative speed for RWP, which ighe polar coordinate system, and take the direction fno
calculated to be 1.754 in [31] when the speed of both mobilge location of noded as the direction of polar axis, as shown
nodes is set ta, compared tod,.q = 1.27 for the Random Figure 3. NodeA’s movement angled,, is calculated from
Direction model. We can get the expected meeting ratg,, line OA in counter-clockwise direction. Similarly, assuming
according to the expression above as,, = 20r/A. The nodeB’s coordinate is(rg,#p), node B's movement angle,
differences in thed,.,, and 9. is attributed to the non- g, is calculated from lin€) B in counter-clockwise direction.
uniformity of movement direction at the beginning of an dpodit is easy to see from Figure 3 that the following relatiopshi
under the Random Waypoint model, which has a strong bias|ds:
towards the center [2, 31]. Ovup =05+ 0y, — 0y, @)

We argue that, due to circular symmetry in a circular area.h 0 is th lati le f
the non-uniformity of movement direction at the beginnirig gvhered, ,, is the relative angle from 10 vp.
det us further assume thafr(r) is the PDF of node

an epoch under Random Waypoint model does not contribu ributi denoting th bability density that o
to the differences between the normalized speeds of Rand fpiribution, denoting the probabilily densily thal a nase

Waypoint and Random Direction models. The differences qun(i "ﬁ] apolljlitarf\ce from (i.d_AIs?_, Ietff@v(zvmt |: p)
between the differences in the inter-contact rates of the 1" € of movement direction of a node at locasion

models is due to the factgr = A [ F2(w, y)dady, which where the movement direction is calculated from the line

is defined by the system are4, and the differences in the t?]uef t(I)I ro_tanor:al symr?etr)_/ﬂ:)f (iII‘CU|aI‘ rlegllo?, wera_tr; make
distribution of nodal speed, even with the same paiv.gf, € Toflowing statements without any calculation. Firsueg

andw,,q, for both models. To show this, we first prove that théhalt a node.|s located at distance away from Fhe p_ole, the

relative movement angle of the two mobile nodes is uniform@“gl,e coordmatg c_)f nod# from the polar axis is uniformly

distributed under RWP in a circular region. We then calala istributed, that is:

the p values for circular and square regions. We also provide fo,(05|r) = i’ 9 € [0,27)

expressions for the calculation of relative movement speed

for both Random Waypoint and Random Direction models.Second, the movement angle distribution of a node at a
Theorem 4: Let A and B be two mobile nodes in a circularpositionp = (r, §) is only dependent on. That is,

model hen the rélaive movement angie,. beieen their fou (0P = B) = foy (0lrp = 1)
velocities is uniformly distributed. That is: Givenra, 6.,, rp, andf.,,,, the conditional PDF of relative
) movement angle distributionfe,,, . (0v.5), is given as
f@VAB(GUAB): %7 0'UAB € [0527‘-) f@vAB(GUAB|TA70UA7T379UB) = f93(03+9UB —QUA)
where fo,, . (0v,,) is the PDF of relative movement angle _ 1 8)
distribution. 2m

That is, given a pair of values fd&,, andé, ., for any value
Proof: Let us assume that nodd is at an arbitrary of 6, ,, there exists a value from uniformly distributégd that
locations inside the circular region of radiusFor simplicity satisfies the relationship given by Equation (7).



The unconditional PDFfe,,, . (0.,5), is given as

a 27 a 27
feVAB(GU“B):/o/o /O ; fr(ra)fey (Bvslra) fr(rp) X

f@v (GUB |TB)f®VAB (G'UAB |7'A7 0’0,477'57 GUB )dedeTBdevAdTA

= %/Oa /027r /Oa /02Tr TrR(ra)fey (Bvalra) x vl

fr(rB)foy (Buvg|rB)doyy drpdby 4 dra

1 Fig. 4. Relative Speed of Two Mobile Nodes
=5 9)
The final result is obtained as each integral integrates a PDF
and evaluates to 1. This gives the required proof. [ | To calculate the value of the circular region, we consider

_ ~aunitdisk of sizer. From the polynomial approximations of

We can see that independent of the PDF of node distributiane PDF of node distribution given by [20] for unit disk, we
fr(r), and the PDF of movement angle distributigi,, (0,), use the following:
the uniformity of relative movement angles holds in a ciacul 9 9 4
region. That is, although Bettstetter et al. [2] shows that P(r) = 3(L—r7)(189 — 447" — 187)
movement direction of a single mobile node has a strong bias ) ) 257m
towards the center, the relative movement direction of two With this function, we calculate the value pfas follows:
mobile nodes is uniform in a circular area due to rotational 9

A [ [ (z,y)dxdy
A

symmetry. For simplicity, we also assume that the relative po=
movement angle distribution is approximately uniform in a

. 2w 1
square region. N 2
Now let us discuss the inter-contact time among mobile - 7T/O /0 P(ryrdrdg
nodes. Letf(x,y) denote the stationary node distribution o [ (1 —72)2(189 — 4472 — 1874)2
PDF at location(z, ), then the PDF of node distribution for = 187 / (25772 dr
nodeN at location(z, y) is given by f(z, y). And, following 32722§9
Equation (5), the probabilityi(x, ), of nodeM meeting node = B
N at X(z,y) in one epoch is given by ~ 14155
p(a,y) = 2rLf(z,y)
The unconditional probabilityP;, for areaA is given by 4) Expected Relative Speed under Random Waypoint
- _ Model: The expected speed of a single node under RWP
Py = // 2rLf*(z,y)dedy = AT model is given as below [33]:
where\ = 2pr/A, in which p = A [[ f2(z,y)dzdy and o 5 — £ _ _Umaz — Umin
is the relative speed af/ and N, T In(Vmaz/Vmin)

Following similar arguments for the static location cab@, t  Thjs is due to the fact that the time a node spends at speed
approximated CDF of inter-contact times is approximated &$jnversely proportional to in RWP model. The PDFy (v),

follows: of a node’s speed under RWP model is given as follows [7,
Fit)y=1—e* (10) 14]
1
Whel’e)\ = 2p7°17/A fV(U) = m
Similar analytical results are presented in [14]. Howetes, v n(vmm)

exponentiality of inter-contact times is explained by as#y The expected relative speed of two mobile nodes is given
that the node movement for an arbitrarily small interval iby
independent of previous movement. This assumption is not Vmaw  Uman P2
valid in epoch-based movement models, as the node must = / / fv(v1) fv (v2) fo (0)8dOdvedu;
complete an epoch before it can choose a new movement v v 0

min min

direction and movement speed. B 1 Umaz (Umax 02T
3) Calculation of p for Random Waypoint Model: In RWP o 27T1n2(%) Lm Lm /0

model, the value op depends on the shape df and can be "

calculated analytically or numerically whef{z, v) is known. V/(v250)% + (01 — vp cos)?

For the square area, approximate valuep @r be calculated V102

as 1.3683 [13} whered is the relative angle between'; and @', measured
N ) ) . counter-clockwise from the direction af ;, and the instanta-
This value is calculated in [13] based on analytical restriten [20].

However, note that numerically calculatingaccording to analytical results n_ous r.elatlve speed IS denotedﬁagas Shown n F'gl'!re 4. As
from [3] gives 1.3805. given in Theorem 4, we take thétis uniformly distributed.

dfdvaduv, (11)



We can see from (11) above that for different pairegf,, y obile node
and v,,., that give the same, the expected relative speed . -
may vary. That is, knowing is not sufficient to obtain the M
relative speedy, without taking the distribution of the speed E v YH X
into account. Under the simplifying condition that,;, = S l 7
Umaz = T OF Umin /Umaz = 1, the relative speed can be given Y e
as follows: > <
T [ \\ /@H r
b = o ), \/sin29+(1—c059)2d6‘ N v
_ i o 2(1 — cos 0)df Fig. 5. Calculation of Observed Arrival Rate
27T 0
[substitutiontos § = cos?(A/2) — sin?(6/2)]
_ ! /27T sin 0 ’d@ under RWP as explained by factorand the differences in the
T Jo calculation of the relative movement speed for RWP and RD

. (12)

™

models, as shown by Equations (11) and (14), respectively.

whered is the angle between two movement directions. IV. THE EFFECT OFBE‘go’\“NG ONINTER-CONTACT
ATE

C. Inter-contact Times in Random Direction Model . . . - .
In this section, we consider more realistic modeling of

Compared to the RWP model, the node distribution in RR,qpility by considering the effect of using beacon messages
model is uniform: f(z,y) = 1/A [4][22], and the average g inter-contact rate.

speed is simply given a8 = (vias + Vmin)/2. When the In the analysis in the previous section, we assumed that

epoch length is small compared to average mter-contae_t, U"hen a mobile node enters within the range of another node it
we can follow the analysis for RWP and show that the intejs immediately sensed. In practical application scenatiog-

contact times are exponentially distributed, where the CDRer nodes announce their presence by broadcatiig, O
approximation is given as or beacon messages at regular intervals, and a node may not

F(t)=1—¢ be sensed if it finishes crossing the radio circle of another
node before it sends AELLO message. Other factors such
where) = 2rv/A. as transmission errors, channel contention, etc., carcalsse
When two nodes move according the RD model, the CQifpdes to miss/ELLO messages. Under such circumstances,
for inter-contact time is approximated as the observed inter-contact rate will be different than titer-
F(t)=1— ¢ (13) contact rates discussed earlier in this section. Here wasfoc

on the effect ofHELLO interval on the observed rate of inter-
where\ = 2rv/A. Hered is the relative speed of two nodescontact times.

under RD model, which can be given as follows: We first define the expected distance covered by the mobile
1 Vmar  [Umas 27 node within two hello messages &L L0 Distance, Ly, as
vo= 27 (0 o) / / / Ly =Ty xv, whereTy is the HELLO interval andv is the
maz — Ymin Umin VUmin 0

: average speedy(is used when both nodes are mobile). For
V(02 sin0)2 + (v1 — v cos 0)2dfdvadvy  (14)  practical purposes we assume that Ly < 2r.
Theorem 5: Let A denote the theoretical inter-contact rate,

wheref is the relative angle between'; and 7’5, measured ; =2
the observed inter-contact rat¥, is given as

counter-clockwise from the direction aF ;.

The results foro under RD model whem,,,, = Vmin OF , ) T — 20 — sin 20y
Vmaz/Vmin =~ 1 is the same with RWP model as given in (12). A= A(sin O + 4cos O )
D. Summary wherefy = arccos(Ly /2r).

We can see our result for inter-contact rate for RWP is Proof: Let us consider Figure 5 for our analysis of
different from the result for meeting times given in [31]pbserved inter-contact rates, where a mobile nbfierosses
where the difference of inter-contact rates among mobitkeso the radio range ofV. We denote the distance covered within
under RWP and RD models is attributed to relative speed dre circle,|| EX]||, asl. Let us useyy to denote the value af
the account that the relative movement angle is not unifonwhen Ly = [, and usé gy for the corresponding angle. It is
under RWP model. With Theorem 4 we see that the relatieasy to see that in the heavily shaded region beJgwnode
movement angle can also be considered uniform under RWI, will be detected with probability 1, whereas in the lightly
and that the difference in inter-contact rates under these tshaded area the probability will be less than 1. Formallg, th
models is a combined result of non-uniform node distributioprobability, P;, that the node will be detected while crossing



S Dot The default settings fons-2 simulations are as follows.
0 e Onil nd o) A Each simulation run has 40 nodes moving according to the
e specified mobility model in &000m x 6000m square area.
A By default, nodes have a radio range 2if0m. Minimum
. ) ’ and maximum speeds,,,;, andv,,q., are3m/s and10m/s,
e e respectively. TheHELLO interval is set to 3 seconds.
e e To measure contact and inter-contact times, a node stares th
(2) Static Nodes (b) Mobile Nodes time when another node is found in its radio range for the first
Fig. 6. Contact Times time. When aHELLO message is not heard withinfaELLO
interval (plus a small tolerance time), the node is marked as
d gone out of radio range and the contact time is recorded as the

Percentiles  +
25000 | f(¥) = 0.995x+31.03 (R*=0.999) +

) time elapsed. Inter-contact time is recorded when it reseiv
- a HELLO message again from the destination. The process
o repeats in this manner. For the relative speed and relative
movement angles, we use our custom simulator, and calculate
the relative speed and relative movement angles of a pair of

. Experimental ——
Analytical (Abdulla and Simon)
70T Analytical (Jindal and Psounis)

Residence Time (5)
Residence Time (5)
8
n

0.3 Inter-contact Time +
Fitting function: f(t) = k*ye ™"

15000

Probability density

10000

5000

Quantiles of Generated Exp. Variate

0 0
] 10000 20000 30000 40000 0 5000 10000 15000 20000 25000 30000

Imer-contact Time (5 Quaniies of Expeimental Data nodes at every 0.1 second. We ran each experiment 29 times
(a) Histogram of Inter-contact (b) Linear Regression Analysis  with random seeds. Data points presented are plotted wéth 95
Times confidence intervals.

Fig. 7. Exponentiality of Inter-contact Times For Random Waypoint with hot-spots, we also use our

custom simulator for the measurement of inter-contacttime
of a pair of mobile nodes4 and B, moving in a square area
the radio circle can be given as follows as a function of th& size 6000m x 6000m. A square region of widtH00m

intersection poiny: is designated as the hot-spot fdr The coordinate of the
N square hot-spot is set t500, 1500). A square region of the

Pi(y) ={ Trooson Yo <y <r same size is placed &1500,4500) as a hot-spot for nod8.
1, 0<y<ym To obtain the inter-contact time characteristics shownun o

experimental results, for each mobile node the probabilfty

y. It is easy to see thaty — arccos(Ly /2r) and thatyy — choosing its hot-spot as its next waypoint is varied between
rsin . ’ 0.7-0.8, and the pause time inside the hot-spot is s80te

The expected probability of node/ being detected byv  and the pause time outside the hot-spot is sesto
can be expressed as follows:

Due to symmetry we only consider the semicircle where

B. Mohility Characteristics

1 s
Pe = — | Pay)dy
" O 350
1 YH 1 T / 7,,2 2 w0 Coefficient of Determination “‘v
= —/ Pd(y)dy+—/ VIV gy |
r Jo T )y, TCosOn . L
= siny + T 200 —sin20n (15)
4 cos 91—1 100 /
Applying P; in relationship\’ = P;\ gives the required " Hﬁ/

0
094 095 096 097 098 099 1

prOOf‘ . Coefficient of Determination
(a) Inter-contact Rate at Static Lo- (b) Coefficient of Determination
As expected, we notice that observed rate of inter-contacgations

decrease as we increase tH&LLO interval. 20 [Sione ~ -
100 /N 4 /
/ \\‘ 120 / \
V. EXPERIMENTAL RESULTS 5™ g0
In this section, we present experimental results for mgbili £ \ ol |
characteristics. The goal of our experiments is to verify th Vs o / \
correctness of analytical results regarding contact timeda- 0 ot o
R R . R 0.8 0.85 0.9 0.95 1 1.05 11 -0.06 -0.03 0 003 006 009 012 0.15
tive movement angle, relative speed, and inter-contacdim Siope Imrcept (s percentage of average)
(c) Slope (d) Intercept

A. Experimental Settings
. . Fig. 8. Linear Regression Analysis for the Exponentialifylrter-contact
Most of our experiments use thes-2 network simulator Times

extended with our own code. We also use our custom simulator
for experiments in circular areas, as well as for detailed Below we discuss the simulation results for contact times
measurements of the relative speed and movement anglesand inter-contact times for static locations as well as fmes
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Fig. 9. Relative Movement Angle Distribution Fig. 10. Effects of Transmission Range and Hello Intervallmer-contact
Rate
TABLE |
RELATIVE SPEED OFMOBILE NODES UNDERRANDOM WAYPOINT
MODEL 0.00025 x
~+
Speed Settings Analytical Empirical s x
Umin | Umaz | 0 v ] © ¥ (95% Conf. Int)| o S 00002 - g
8 .
1 2293 ] 7 || 10.726| 1.532 || 10.72 & 0.0034) | 1.53 3 _F
2 1697 | 7 9.077 | 1.439 || 10.08 & 0.0029) | 1.44 9 ¥
3 1356 | 7 9.642 | 1.377 9.64 (£ 0.0026) | 1.38 g 0.00015 &
4 1122 | 7 9.331 | 1.333 9.33 & 0.0018) | 1.33 o s
5 947 | 7 9.108 | 1.301 9.10 & 0.0020) | 1.30 & *
6 811 | 7 || 8972 | 1.281] 8.97 & 0.0020) | 1.28 g 000011 o~
7 7 7 8.913 | 1.273 8.91 & 0.0020) | 1.27 ‘g Circle, empirical
5 5e-05 | Circle, analytical
= Square, empirical
where both nodes are mobile. For this purpose, we place stati ol ‘ ‘ Square, analytical ——
nodes on &5 x 25 grid, where neighboring nodes a280m 4 5 6 ’ 8 9 10

. ) A Speed (m/
apart, for a total of 625 static nodes. These static hodes onl verage Speed (m's)

listen to HELLO messages sent by mobile nodes, and recor. 11. Inter-contact Rates in Square and Circular Areateuivarying
contact times and inter-contact times. Mobile nodes alsorce  Speed
the same statistics among each other.
1) Contact Times. Figure 6 shows the experimental and
analytical results for contact times at static locationsl arihree factors: coefficient of determinatioR¥), slopea, and
among mobile nodes under RWP model. Analytical resultdterceptb. As shown in Figure 7(b), the recorded inter-contact
for these two metrics are calculated according to (4) bygsifimes closely match the exponentially generated variaigh,
the average speed and the average relative speed, respecti®” = 0-999, a = 0.995, andb = 31.03 (0.5% of average).
We can see that our ana|ysis C|ose|y approximates the experiUnder RWP mOdel, inter-contact rates at SpeCifiC locations
mental results. We also obtain similar results for the Ramndgdepend on the PDF of node distribution. Figure 8(a) shows the
Direction model. average inter-contact rates observed by 625 static nodes. F
2) Relative Velocity of Mobile Nodes: Figure 9 shows the €ach static location, we run similar linear regression ysis|
histograms of relative movement ang|es of nodes mo\/iﬁ@ described above for mobile nodes. Overall statisticsefor
according to the RWP model in circular and square regior@ardingR* values, slopes, and intercepts are shown in Figures
We can see that the distribution is virtually uniform for ot 8(P)—8(d). We can see that exponentiality of inter-cortiaugs

areas, confirming Theorem 4. strongly holds at static locations. We also identify thatsio
Table I shows the effect of the distribution@f,,, andv,,,, ~ Of the deviations are due to border effects.
on relative speed;. For this, we choose seven pairswf;, The effects of transmission range aAWdLL O interval on

anduv,,,, that produce the same node average speed,7. the inter-contact rate is shown in Figure 10(a) and 10(b),
To see the effects, we define normalized speed o = /7. respectively. These experimental results conform to dicaly
We can see that changes as the distribution of minimumvalues that we obtain from (10) and (15).
and maximum speeds, and that empirical results confirms thdrigure 11 shows the experimental and analytical results for
results given in Equation (11). inter-contact rates under varying speed in square andlaircu
3) Inter-contact Times: We first look at inter-contact times areas of the same size. As can be seen, Equation (10) with
among mobile nodes. Figure 7(a) shows the histogram different p values accurately explains differences.
inter-contact times under Random Waypoint model. To testAlthough it has been shown that the inter-contact times
the exponentiality of inter-contact times, we perform #ine can be very closely approximated as exponential under our
regression analysis on the Quantile-Quantile (Q-Q) plot ekperimental settings, a more detailed look show that -nter
two data sets: recorded inter-contact times and randonagntact times differ from exponential distribution for dtea
generated exponential variates with the same average fas thi@r-contact times as depicted in Figure 12, where the mumb
of the experimental data. For linear regression, we considd bins used to get the histogram of inter-contact times is
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APPENDIX

To find the expected distance covered by a mobile node,

M, before exiting the radio range of static nodg let us
consider the graph shown in Figure 14. For simplification, we
take the direction from the location d¥ to the pause point,
P, as the direction of-axis. Letf denote the angle of the new
movement direction of\/ measured counter-clockwise from
the direction ofz-axis, and letd denote the distance covered
before nodeM exits the radio circle at poink. Assuming
that thez-coordinate ofP is z,, and the transmission radius
is r, from trigonometric relations we can have:

r2 = (dsm( )) (dCO ( )+$P)

@ 1 2, cos(6) +

d? + 2dz, cos(0) + x COb( )? + sz) sin(6)”
= (d+xpcos(8))? + 22 sin(6)?

Solving the equation above fal, we have

d=/r? — 22 sin(0)? — x;, cos(0)

Without any particular assumption regarding the original
movement direction ofi/ and the location ofV, we assume



