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Analytical Modeling of Link and Path Dynamicsand Their Implications on Packet
Lengthin MANETS
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Keywords: Link dynamics, analytical mobility modeling, path ies of routing-protocol performance have relied exclugiem
lifetime, Markov model, optimal information segmentation simulations, or had to use limited models of link availaiili
(e.g., [3]) to address the dynamics of paths impacting nguti

Abstract protocols (e.g., [4]).
We present an analytical framework and statistical models t This paper provides the most accurate analytical model of
accurately characterize the lifetime of a wireless link emdti-  link and path behavior in MANETS to date, and characterizes

hop paths in mobile ad hoc networks (MANET). We show thatthe behavior of links and paths as a function of node mobility
the lifetimes of links and paths can be computed through &he importance of this model is twofold. First, it enablesitin
two-state Markov model and that the analytical solution fol vestigation of many questions regarding fundamental tfisle
lows closely the results obtained through discrete-eviemis  in throughput, delay and storage requirements in MANETS,
lations for two mobility models, namely, random directiolda as well as the relationship between many crosslayer-desigr
random waypoint mobility models. We apply these models tachoices (e.g., information packet length) and network dyna
study practical implications of link lifetime on routingqio-  ics (e.g., how long links last in a MANET). Second, it enables
cols. We compute optimal packet lengths as a function of mothe development of new analytical models for channel agcess
bility, and show that significant throughput improvemerds ¢ clustering and routing schemes by allowing such modelséo us
be attained by adapting information packet lengths to the malink lifetime expressions that are accurate with respesino
bility of nodes in a MANET. ulations based on widely-used mobility models.
Recently, Samar and Wicker [5, 6] pioneered the work of
analytical evaluation of link dynamics. They further prbed
1. INTRODUCTION good insights on the importance of an analytical formutatio
The communication protocols of mobile ad hoc networksof link dynamics to the optimization of the protocol design.
(MANET) must cope with frequent changes in topology due toHowever, Samar and Wicker assume that communicating node
node mobility and the characteristics of radio channelenr maintain constant speed and direction in order to evalinge t
the standpoint of medium access control (MAC) and routingdistribution of link lifetime. This simplification overldes the
node mobility and changes in the state of radio channels4{rancase in which either of the communicating nodes changes its
late into changes in the state of the wireless links estaddlis speed or direction while the nodes are in transmission range
among nodes, where typically a wireless link is assumed-+o exof each other. As a result, the results predicted by Samar anc
ist when two nodes are able to decode each other’s transmigVicker's model could deviate from reality greatly, beingedy
sions. conservative and underestimating the distribution of lifée
The motivation for this paper is that, while the behavior oftime [5, 6], especially when the ratiy/v between the radius of
wireless links is critical to the performance of MAC and iagt ~ the communication range to the node speedbecomes large,
protocols operating in a MANET, no analytical model exists t - such that nodes are likely to change their velocity and doec
day that accurately characterizes the lifetime of wireledss,  during an exchange.
and the paths they form from sources to destinations, ascafun The contribution of the paper is to provide a two-state
tion of node mobility. As a result, the performance of MAC and Markov model that better describes the mobility behaviors f
routing protocols in MANETS have been analyzed through simcommunicating nodes. Section 2. describes the network anc
ulations, and analytical modeling of channel access antd roumobility models used to characterize link and path behavior
ing protocols for MANETSs have not accounted for the tempo-Section 3. describes the proposed analytical framework anc
ral nature of MANET links and paths. For example, the fewpresents our results on link lifetime, and Section 4. exdend
analytical models that have been developed for channekaccethese results to path dynamics. Our approach is based on a twc
protocols operating in multihop ad hoc networks have eitiser state Markovian model that reflects the movements of nodes
sumed static topologies (e.g., [1]) or focused on the imatedi inside the circle of transmission range and builds an aicalyt
neighborhood of a node, such that nodes remain neighbors féramework to accurately evaluate the distribution of liifled
the duration of their exchanges (e.g., [2]). Similarly, tr&isd-  time.



Our model subsumes the model of Samar and Wicker [5, 6{e.g., [1]).
as a special case, and provides a more accurate charaiteriza The following mathematical notations are used through-
of the statistics of link lifetime. Section 5. illustratdsetaccu-  out the paperp(-) stands for the probability density function
racy of our analytical model by comparing the analytical re-(PDF), p(:|-) denotes the conditional probability density func-
sults against simulations based on the random directiorilmob tion and F(-) is the complementary cumulative distribution
ity model (RDMM) and the random waypoint mobility (RWP) function (CCDF).
model.

Sections 6. illustrate how our model can be applied to pracg | INK LIFETIME
tical problems in MANETS, where our analytical framework
is applied to optimal segmentation (information packegtan
of information streams. Our results reveal that packettleng
should be designed to be linearly proportional to the rfig,
and show that the optimal packet length for a gitehop path
should be designed to 15/ (vK).

A bidirectional link exists between two nodes if they are
within communication range of each other. In this paper, we d
not consider unidirectional links, given that the vast migjo
of channel access and routing protocols use only bidineatio
links for their operation. Hence, we will refer to bidiremtial
links simply as links for the rest of this paper.

The wireless link between nodes, andmy, is broken when
2. SYSTEM MODEL the distance between nodeg andm, is greater tharR, their

We consider a square network consistent with several prioff@nsmission range and their distance increases. When a da
analytical models of MANETS [7, 8, 9]. The entire network is Packet starts at timg, the positions of nodey, could be any-
of sizeL x L and there are nodes initially randomly deployed where inside the communication circle defined by the trassmi
in the square network. sion range ofr. o

Nodes are mobile and initially equally distributed over the €t B (bits/s) be the transmission rate of a data packet,
network. The movement of each node is unrestricted, i.e, thB€ the length of the data packet, ape T, denote the moment
trajectories of nodes can be anywhere in the network. Th&1at nodem is moving out of the communication circle. A data
model of node mobility falls into the general category of-ran Packet can be successfully transferred only if nagandm,
dom trip mobility model [10], where nodes’ movement can stay'wnhm thewpommumcaﬂon range durmg the whole com-
be described by a continuous-time stochastic process and titunication session of the data packet, that is,
movement of nodes can be divided into a chain of trips. L/B < T 1)

Communication between nodes is allowed only when the dis- P =t

tance between the two communicating nodes is lessRerd  \yhereT; is the link lifetime (LLT) denoting the maximum pos-

can be performed reliably. The communication between anyip|e gata transfer duration. Statistically, specify the distri-
two nodes within that communication circle satisfies theimin p tion of residence time that measures the duration of the. ti
mum SINR (signal to interference plus noise ratio) requeBM ¢4 hodem,, starting from a random point inside the communi-
with certain outage probability in the wireless fading @adk  c4iion circle with equal probability, to continuously siagide

ment. ) L _ ~ the communication circle before finally moving out of it. Fur
A typical communication session between two nodes iNthermore. its CCDF is denoted By (t)

volves several control and data packet transmissions. idkpe

ing on the protocol, nodes may be required to transmit besacon F(t)=P(TL>1) 2)
to their neighbors to synchronize their clocks for a variety

reasons (e.g., power management, frequency hopping).sNode The link outage probability? , associated with a particular
can find out about each other’s presence by means of such bgaacket length_, can be evaluated as

cons, or by the reception of other types of signaling packets

(e.g., HELLO messages). Once a transmitter knows about the A, =P(T. < ﬁ) —1_ FL(E) A3)
existence of a receiver, it can send data packets, whiclypre t . B B

ically acknowledged one by one, and the MAC protocol at-

tempts to reduce or avoid those cases in which more than ond1. Distribution of Relative Velocity

transmitter sends data packets around a given receivechwhi  Fig. 1 shows the transmission zone of a node (say mage
typically causes the loss of all such packets at the recefeer which is a circle of radius R centered at the node. The figure
simplify our modeling of link lifetimes, we assume that the shows another node (say noag) starting DATA communica-
proper mechanisms are in place for neighboring nodes to fintlon with nodem, at timet,. As shown in the left side of the
each other, and that all transmissions of data packets are sufigure, at timez, nodem, is moving at speeu, of directionf,
cessful as long as they do not last beyond the lifetime of thevhile nodem, moves at speed, and directiorBy,.

wireless link between transmitter and receiver. Relaximg t Alternatively, if we consider noden, as static, noden, is
simplifying assumption is the subject of future work, asit i then moving at theirelative speed v; and directiorf,. An ex-
volves the modeling of explicit medium access control sabem ample of resulting trajectories of nods, moving at relative



Figure 1. Graphical lllustration of Relative Velocity

velocity is given in the right side of Fig. 1. With the assuiopt
that both8, and @y, are uniformly distributed withif0, 2m), it
can be concluded that composite directiyr= 6, — 0, is also

uniformly distributed within[0,2m). In this case, the relative

speedy; can be expressed as

Vi = 1/ V24 V2 — 2VaV, COSHy (4)

Conditioning onv, andw, and noting the symmetric property

of 8, the distribution ofs; can be computed as

P(Vr) = Eqvavp} (P(Vi [Va, Vb)) (5)
de,
Vi |Va,Vb) = P(6r)|—
p( r‘ a b) p( r)|dvr‘

d Va+Vp— VP

—E|TW(WCCOS( NaVh )

_ [ 9vrVao), Va— Vol SV SVat Vo g
0, others

_ 2 X
whereg(x,y,2) = T /2224 22 +y222) —xA—yA -7
In particular, if both nodes move at the same speed/,; =

Vp, we will have

21 velo
p(Vr|V)—{ " e -

0, others

3.2. Distribution of Link Lifetime (LLT)

located inside the communication circle, it serves as thg-st
ing point (i.e., newA) for the next trip and the whole process
is repeated. In the evaluation of LLT, the repeating prooedu
ends when the finaly is outside of the communication circle.

As illustrated in Fig. 2, the procedure for evaluating th&' LL
can be modeled as a two-state Markovian process. The resi
dence stat& represents the scenario where the end paint
of current trip is located inside the communication cirglajle
the departing stat& refers to the complementary scenario
whereAq will be outside of communication circle. Compared
to the model by Samar and Wicker [5, 6], in which only the
last scenario (i.e., stafg) is considered, the two-state Marko-
vian model reflects the motion of nodes more accurately, kvhic
leads to better results in evaluating link dynamics.

Ps, Sot)

S S
1-Ps, Su(t)

Figure2. Two-state Markovian model for LLT evaluation

Let Ps be theresidence probability, which denotes the prob-
ability thatAq is located inside the communication circle. The
PDF S(t) specifies the distribution of sojourn time of mobil-
ity epochs when a node stays in st&e Correspondingly, the
PDFS; (t) is used to measure the distribution of departing times
when nodes move out of communication circles and switch to
the states;.

Before eventually moving out of the communication circle,
i.e., being switched to the departing st&tenodes may stay at
the residence stat® multiple times. Lef\; be the integer vari-
able counting the number of times for a node to remain in state
S, and{Syp,...,Sn -1} be the associated random variables
that specify the duration of time of trips for each return.

Clearly, {S0,...,Sn -1} are random variables of the same
distribution but correlated. However, to make our problearen

The essence of modeling link dynamics in MANETS consists;5ctaple. we assume thaGoo....,Son_1} are statistically

of evaluating the distribution of LLT, because it reflects limk

i.i.d random variables of distributio®(t). Our simplifying as-

dynamics resulting from the motions of nodes. LLT measuregmpytion makes the final result slightly deviated from tha re

the duration of time for a node to continuously stay inside th

situation when the residence probability becomes largew-H

communication range of another node. In our model, thiseangever’ as we will see later, our model still provides a good ap-

is a circle.

proximation, even with a large residence probability.

Clearly, different mobility models and parameters lead to We defineS; as the random variable measuring the departing

different LLT distributions, and the main challenge in mbde

time of distributionS; (t). Simply, one can evaluate conditional

ing LLT consist of making the problem tractable and releyantIink life time T_(Nj) andP(N; = K) as
We know that the relative movement of nodes consists of a se- L '

guence of mobility trips, derived from the chain of mobility
trips of the two communicating nodes. L&t be the starting

point of current mobility trip and the end point of the curren
trip is denoted bydy, andAyq may be anywhere in the cell, i.e.,

inside or out of the communication circle. In the case fhgis

Ni—1

; S+ S, 8)

P(N=K) = P& ©



The characteristic functioby, (8) for the LLT T, can now  nodal distribution, and has been widely adopted [11, 12143,
be evaluated as 15]. However, the analysis on the characteristic of linktlihe
of RDMM is quite limited. In the section, we will supplement
, a deeper understanding of RDMM, by providing the analytical
Ur (6) = E(e) expression of characterizing its link lifetime.

il ig(sk-la. . In RDMM, node movement is independently and identically
- kZOE(e]e(Z'ZO SHSNPN = k) distributed (iid) and can be described by a continuous-time
stochastic process. The continuous movement of nodes is di

o0

= %ul(e)uo(e)kpg vided into mobility epochs during which a node moves at con-
K= stant velocity, i.e., fixed speed and direction. But the dpee
U1(8) and direction varies from epoch to epoch. The time duration

~ 1-Ug(B)Ps 10) o epochs is denoted by a random variableassumed to be

exponentially distributed with parametgy,. Its complemen-
tary cumulative distribution function (CCDFjy(T) [13] can

whereUp(8) andU4(0) are the characteristic functions &f(t) be written as

andS; (t) respectively.
When the communication circle is small with respect to the

network size and nodes’ speeil; will be mostly located out Fin(T) = exp(—Am1) (12)
of the communication circle dfs. Consequently, one will have
Ps < 1. Given thatlo(8) is the characteristic function &(t), The direction during each epoch is assumed to be uniformly
one hagUp(6)| < 1. Finally, itis clear thalo(8)Ps < 1. There-  distributed over[0,2m) and the speed of each epoch is uni-
fore, Eg. (10) can be approximated as formly distributed ovefVinin, Vimax], WhereViin, Vimax Specify the
minimum and maximum speed of nodes respectively. Speed
Ur.(8) =~ U1(8) (11)  direction and epoch time are mutually uncorrelated and-inde

. ) . pendent over epochs. The stationary node distributionbeof t
For clarity, we call Eq. (10) the Exact LLT (ES-LLT), which location and direction have been shown to be uniform [16].

is based on the two-state Markovian model. The approxima-
PP To evaluate the LLTT., we need to evaluatgs, $(t), and

tion in Eq. (11) is called Approximated LLT (AS-LLT), and it .
reflects the scenario considered by Samar and Wicker [5, 6] (t).Letzq denote the least distance to be traveled by node to
', ove out of the communication circle, starting from the posi

As we will see later, for random direction mobility model . . S ;
we Wi rect Y tion As with the direction and speeadbeing kept unchanged. A

(RDMM), the analytical expression of AS-LLT is the same to > . _ L2 .
the expression in [5, 6], except for a normalization factor. graphical illustration ofy is presented in Fig. 3. The probabil-
T ity Ps can now be evaluated throughas

3.3. Practical Implications

It is clear that the two-phase Markov model is a general Ps = Eg(Ps(za)) :/ Ps(zq) p(zg)dzg (13)
model able to evaluate other networks with the two building Z4
blocksSy(t) andS; (t) adapted for the specific network and mo- Py(zg) = / P(t < E)p(vr)dvr
bility models, including but not restricted to the randorip tr Ve W
mobility model. / Zq
. . . . = 1-Fn(—
However, in some practical scenarios, the analytical fermu Vr( m(vr ))p(v )dve

lations of §(t) and S;(t) might not be available. Under such
circumstances, one can collect a few trace data to olstdtn
and S (t) and still give an accurate estimate of the overall

link lifetime. By doing so, it can greatly reduce the amouht o wherePs(z4) is the conditional probability oPs on zg. p(z4) is

empirical data necessary to accurately estimate linkirifet PDF ofzy and the evaluation dfy directly follows from [17]
Furthermore, one can also obtain analytical formulatiops bbeing calculated as

curve-fitting empirical data and incorporate these forrtioies
to Markov model for an analytical study of the mobility char-

acteristics. B —
p(zd):{ m2m7 for0<zy <2R (15)

. e s . . . 0 elsewhere
3.4. Link Lifetime in The Random Direction

Mobility M odel whereR specifies the radius of the communication circle.
The random direction mobility model (RDMM) is an im-  S(t) is the PDF of the time duration for nodes to return to the
portant mobility model for MANETS. It improves on the ran- stateS. Conditioning orgg and assuming that the starting time
dom waypoint mobility (RWP) model on the stationary uniform is at time 0,S(t) is the probability of the nodey, changing its

| (1= ep(-2hmzafv)pive)ave  (14)

)



Figure 3. Graphical lllustration ofy.

relative velocity at timé on condition thaty is located inside
the communication circle. We now compu8g{t) as below

Bz (So(t]zd)) (16)
L bt =124 > vlza)
Ps

mln{Vm,ﬁ}
Pizxme—%mt pv v (17)
S 0

whereSy(t|zq)is the conditional PDF ory andVy, is the max-
imum speed of;, .

the distribution ofp(v; ). We can then computg (t) as

Sit) = Eu (St(tlvs)) (20)
Sithve) = 5Pl = |z <)
— TP R = vt g ()
:{ e m1- (37 0t B o),
0, elsewhere

where S, (t|vs,;) is the conditional PDF of5;(t) on vs. A
detailed examination of Eq. (20) reveals that it shares the
same core analytical expression of link lifetime distribatof
Eq. (15) in [6], with the only exception that a normalizatiaw-
tor e?mt /(1 — Ps) accounts for the probability of nodes leav-
ing for stateS;. It implies that AS-LLT formula, solely relying
on S (t), gives the same link lifetime distribution as in [6].

4, PATHLIFETIME IN MANETS

We have examined the dynamics of link lifetime for a point-
to-point link. However, for most cases in MANETS, a packet
need to be forwarded by several intermediate nodes before fi
nally reaching the destination. The source node, interatedi
nodes and destination node collectively form a multi-hoghpa
for the packet. Clearly, path dynamics is also an esseng#ien
for protocol design and optimization. Han et al. show [1§, 19

Si(t) can be evaluated in much the same way as we havihat asymptotically, path dynamics will converge to be expo
done forSy(t). Conditioning orzg and assuming that the start- nentially distributed. The statement works well when a path
ing time is at time 0S; (t) is simply the probability of the node Volves a significant number of hops but not for paths with $mal
m, moving out of the communication circle at tirhevith rela-
tive velocity being kept constant. Similar to the above case

have

Ezy (Si(t|za)) (18)
1_1psp(t: %h )

P2 Op = D22
1_Pse><p(*2>\mt)pvr(%)% (19)

where S;(t|zg) is the conditional PDF orzy using Jacobian
transformation. An alterative way to evaluag&(t) is as

follows:

Let us definevs, to be the conditional relative velocity asso-
ciated with states; such asp(vs,) = p(w|S;) and it should be
noted that the distribution of;, can be greatly different from Figure4. Path structure.

to moderate number of hops. In this section, we will extend
the proposed analytical framework to evaluate path dynamic
with small to moderate number of hops, assuming that each
link along the path behaves independently of others. Intyeal
adjacent links may have some correlation which is difficalt t
account for. The model of dependent links requires a number
of conditional probability distribution and a solution magt

be feasible. As to be observed, the independence assumptio
greatly simplifies the analysis but still provides good appr
mations.

» Link lifetimeM, » M,
»> Link lifetime M, » M3

Emm > Link lifetime Myr - My

) e t

T

1
1
1
: End of the path

»

Start of the path
v

Path lifetime



As illustrated in Fig. 4, a packet from the source nddge the same as the one in [20h{ = 4), indicating that, on
needs to follow the directional linkETy — T, — ... — Tk_1} average, nodes change their velocity at evéryflour. Fur-
to reach the destination nodéy. Successful delivery of the thermore, we assume that every node is moving at the sam
packet requires that none of these links on the path breaks duconstant speed and only its direction is changed according
ing packet transmission. When either of them breaks, the patto the RDMM model. The simulation with variable speeds
will no longer exist and path discovery process needs to bean be obtained by averaging the results from every speec
reinitiated to find an alternative path. In other words,tiifee ~ with respect to the distribution of spegdHowever, it should
Tp(K) of the (K — 1)-hop path is the minimum lifetime of these be noted that the relative speed between nodes are not cor

directional links and can be written as stant and its statistics are derived in Section 3.1.. Thite d
) ferent speeds are simulated: {1,10,20}(m/s), from pedes-
Tp(K) =min{Ty, ..., Tk-1}, (22) " trian speed to normal vehicle speed. Combining the power pro

file and velocity profile, six different scenarios are simeth

whereT; for 1 <i < K —1 is the link lifetime. Since links
{I': (200m,Im/s); Il : (100m,1m/s);I11 : (200m,10m/s);1V :

are assumed to operate independently with i.i.d métitreir ~ T
lifetime also follows the same statistical distribution &s (100m, 10m/s); V- (20011,2_0m/ $);VI : (100m, 20m_/ S)_}'
However, when the source node initiates a data transfer to Nodes are randomly activated for data transmission. Thie tra

the destination node, links may have been in existence fdjiC ©f activated nodes are supplied from a CBR source with a

some time; therefore, as Figure 4 illustrates, the linKilifie packet rqte (p/s. Given that the choice of specific MAC layer
Tii € {1,...,K — 1} of the directional link on the data path and routing protocol may affect the results, we assume gterfe

should be theesidual lifetime of the link, i.e, MAC'and 'routing, rendering zero delays or Iosse.s .due to such
functionality, enabling the simulation to capture statssolely
T =T.(s),ie{l,....K-1} (23)  due to mobility.

whereg; > 0 is a random variable representing the elapsed tim
of the link Mj — M1 before the data path started and clearly,
T =T.(0).

From Section 3., we know that the evaluationTpfe;) de-

%2 Accur acy of Models

Table1l. Residence Probabilitis.

pends on a set of three parameters, i.e., the spatial distnib . Speed v (/)

of nodes at time;, the distribution of speeg (&) at timezg;, Radius (m) (R) v=1 v=10]v=20

and the residual change time distributiofs;) ate;. At time 0 R= 100 P;=0.194 | 0.033 | 0.018

ands;, nodes are expected to follow the same stationary distri- R=200 Ps=0.3072| 0.058 | 0.033

bution and therefore resemble each other. Similarly, it lvan

expected that the speed distributiorvpfvill be also the same. Table 1 describes the residence probab#yor all six sce-
Therefore, we expect that the distributiont¢£;) andt(0) will  narios. It can be observed that as shown in Eq. (16) and (18)

resemble each other. In particular for RDMM model, we knowthe characteristics of mobility are governed by the retata-

that the distribution of (0) for the RDMM model is exponen- dius (ReR)%*, the ratio between the radil® of communica-
tially distributed and can be characterized by a Poissoogs®  tion circle and speed Among the six different scenarios, there
Referring to memoryless property of the exponential distri  are five different ReR value§s, 10, 20,100 200} since the IV
tion, the distribution oft(gj) andt(0) will exactly resemble and V scenarios are of the same ReR and are expected to e

each other. Finally, we conclude that the distributioofvill ~ hibit similar results, as will be seen from simulation resul
resemble the distribution di. = T (0). As shown in Table 1, the residence probability increasel wit

Summarizing the above discussion, the CaBEK,t) ofthe  ReR, indicating that it is more likely for nodes with largeziR
lifetime for a(K — 1)-hop path can be computed as to stay inside the communication circle.

Fig. 5 presents the results for link lifetime ES-LLT and AS-
LLT predicted by our analytical model and obtained by simula

(K1) = F'-K 1(t) ' (24) tions. The results clearly confirm that the two-state Maikov
model is a powerful tool to model link dynamics of link life-
5. MODEL VALIDATION time distribution as a function of node mobility. It can beal
5.1. Simulation Setup observed that the ES-LLT formula, obtained from the Marko-

In the simulation, there are a total of 100 nodes randomlyian model, shows good match with the simulations in all sce-
placed in a 100 x 1000n square cell. Each node has the narios. On the other hand, the AS-LLT formula with the sim-
same transmit power and two profiles of the radio transmisplified assumptions corresponding to the model by Samar anc
sion range are chosen for simulation. Both are within the covWicker [5, 6] gives good approximations to the simulations
erage of IEEE 802.11 PHY layer and they §290m, 100m}. only for small values of ReR@() and greatly deviates from
After initial placement, nodes keep moving continuously ac the simulations when ReR becomes large, i.e., larger nes@de
cording to the RDMM model. The mobility parametiey, is  probability Ps and larger possibility for nodes to stay inside



communication circle.

As stated in section 3.3., in some practical scenarios,nthe a
alytical formulations of$(t) and S (t) might need to be ob-
tained from empirical data to characterize the overall liféc
time. Fig. 6 presents such a result, where a total of 100@@ tra
datas are generated from random waypoint (RWP) model to
evaluatey(t) andS; (t), respectively.

There is no analytical formulations &(t) and S(t) for
RWP, because we do not have the closed-form CCDF for RWP
similar to Eq.(12). However, the two-phase Markov model can
still be applied by using empirical simulated data to estéma
link lifetime. The results clearly confirm the accuracy,eeff
tiveness and generarity of Markov model to analyze more-prac
tical mobility models.

CCDF of Link Lifetime T,

I: (200m, 1m/s)
i 1l (100m, 1m/s)
f 111: (200m, 10m/s)

V: (200m, 20m/s)
VI: (100m, 20m/s)

...~ {— Simulated
.. |==~-Theoretical:ES-LLTF
" Theoretical:AS-LLT

- A\ L m ; i
0 100 200 300 400 500 600 700 800 900 1000
t (seconds)

Figure 5. Link Lifetime T_ (RDMM): Simulated, ES-
LLT(Markovian), AS-LLT.

CCDF of Link Lifetime 1',

111: (200m; TOMA)—=
1V:(100m, 10m/s)
V: (200m;, 20m/s)
VI: (100m; 20m/s)

— Simulated
- - -Theoretical:ES-LLT
" Theoretical:AS-LLT|

H i n T i
0 50 100 150 200 250 300
t (seconds)

Figure 6. Link Lifetime T_ (RWP): Simulated, ES-
LLT(Markovian), AS-LLT.

Figs. 7 and 8 present the results of path lifetime. It can be ob

served that path lifetime can be well modeled by the proposed

Markovian model, while slightly affected by the independen
assumption.

In summary, the Markovian model (ES-LLT formula) is a
much more accurate model than the AS-LLT formula [5, 6]

CCDF of 2-Hop Path Lifetime T},

I: (200m, 1m/s)
i (100m, 1m/s)
111 (200m, 10m/s)
1V:(100m, 10m/s)
V: (200m, 20m/s)
VI: (100m, 20m/s)

— Simulated
- - -Theoretical:ES-LLT

L
100

L
150

L T T )
200 250 300 350 400 450 500

t (seconds)

Vi(100m, 10mis) Figure7. Simulation: 2-Hop Path Lifetime.

I: (200m, 1m/s)
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11l (200m; 10m/s)
1V:(100m; 10m/s)
V: (200m, 20m/s)
VI: (100m, 20m/s)

— Simulated
- - -Theoretical:ES-LLT

150 200 250 300
t (seconds)

Figure 8. Simulation: 3-Hop Path Lifetime.



for all ranges of ReR and shows good approximations to all In the LTPD design, when the packet lengthLig we can
simulations, in contrast to the AS-LLT formula that givesodo  describe the effective throughptfL,) function as
approximation only when ReR is relatively small.

T(Lp)=(1-P,) Lp—C(Lp,R,) A, Lp  (26)
6. PACKET LENGTHSANDAND THEIROP-  The optimal packet lengtho will be the one that maximizes

Tl M I ZATI QN the effective throughput
6.1. Link Lifetimeand Packet Length
In wireless communication, source information stream usu- Lo = max, T(Lp) (27)

ally needs to be segmented into a sequence of fixed-length in-
formation blocks for transmission. These information kkc
will be further processed (e.g. channel encoding) to fit waie
ious transmission schemes.

Normally, B, is a monotonically decreasing function w.r.t.
packet length. When the cost function is chosen to be a cdnstarn
penalty value, i.eC(Lp, P ,) =C, by taking the derivative with
respect td_p,, the optimal packet len is the value satisfy-
Given that nodes move in a MANET, the data transfer ca P P P P gtto fy

be temporarily broken if any link on the path to the destmmati r]ng
is broken. An alternative path may not be available immedi-
ately, and significant delay can be incurred in repairingute.o
Within the context of MANETS, it is important to use packet
lengths that maximize the end-to-end throughput. If a data-
packet length is too long, frequent link breaks can leadde si
nificant packet dropout during the transfer. On the othedhan Throughput T'(Z,) of LTPD Design
if data packet length is too short, the packet-header oagrhe
and channel access overhead can reduce the effective throug
put significantly. Hence, a judicious choice of packet laésgt
as a function of link dynamics can be of great importance in

dr,
dLy

1-(1+C)R,=(1+C)Lo (28)

Lp=Lo

I (2000 amy/s)
II:, (100m, 1m/$)~

1l (200m, 10m/s) <
:(100m,10m/s)

maximizing throughput in MANETSs. However, this problem Nl . 2]
has been overlooked, because its solution requires kngeled ) :
of statistics of link lifetime. With the computed CCDF in Sec

tion 3., we are now able to provide segmentation schemes opti
mized on various systematic constraints.

-150 -

When the length of packets is constant, it is natural to ask e T
what the optimal packet length would be. For every packet - Theoretical: AS-LLT .
length L, we know that there is an associated link outage T w wow ow ow w @ % w

Packet Duration % (seconds)

robabilit specifying the probability of link breach dur-
P YR, specifying P y Figure9. LTPD Design.

ing packet transfer. Every dropped packet during link oaitag
needs to be retransmitted and therefore reduces the effecti
throughput. The optimal packet length is chosen such theat th
total throughput is maximized.

In Fig. 9, we exploit the application of link lifetime distri
bution to the optimization of packet-length design using th
. same examples of the previous section. For illustratiopqse,
fhe cost function for our example of LTPD design is chosen as
“a constant penalty value 2 (i.€(Lp,R,) = 2). However, it
should be noted that the practical cost function can be much
more complicated and determined by upper layer for a cross-
layer optimization solution. Computing the optimum choice
for C(Lp,P,) is beyond the scope of this paper. The effec-
wherewy is a constant to specify the link dropout probability tive throughputT (Lp) is computed for every, and drawn
requirement. for all three methods: Simulated, ES-LLT (Markovian model)
Alternatively, we can use a cost functi@fLp,P,) thatin-  and AS-LLT. As expected, ES-LLT approximates the simula-
corporates the negative effect from the packet retrangmniss tion very well, while AS-LLT tends to conservatively undsre
into evaluating the effective throughpiitfLy) for a specific  timate the effective throughput for larger ReR. In additiat
packet length_p. It is worthy of noting that the cost function curves of the effective throughput (either Simulated, BS-or
C(Lp,PL,) could be a systematic constraint from upper layerAS-LLT formula) are convex functions with numerical sodbrti
to consider the negative effects from delay and packetnetra readily available.

packet length_ g that satisfies a pre-defined link outage proba
bility requirement. We term this strategy as link outagepty
design (LOPD) and it can be described as

Lo= max_, P|_p < wp (25)

missions etc. Further optimizing the effective throughp(lp) The optimized solutionég0 of protocol on packet design for
gives the optimal packet lengtly. Consequently, the strategy all design methods graphically illustrated Fig. 10. In thews
is termed as link throughput priority design (LTPD). lation, the link outage tolerance of LOPD design is set to be



wp = 0.1, i.e., the maximum link outage probability should
be less than 10%. Two key observations should be made: (1)
For both LTPD and LOPD designs, the ES-LLT (Markovian
model) approaches the simulated optimal solution well, and .
signifies substantial improvement of throughput over the AS - 2

Optimal Packet Duration LT?Q (seconds)

e LOPD:Simulated
v LOPD:ES-LLT

LLT model ([5, 6]); and (2) LTPD design suggests a balanced
design between longer packet and larger retransmissienaat Lo
offer higher throughput over LOPD design. LOPD design, on e
the other hand, tends to be more conservative on the throtighp L
3-Hop

* 4

o ds

but characterizing less packet retransmission.

Optimal Packet Duration % (seconds) e
501 K AN
-e- LTPD:Simulated o7
r| == LTPD:ES-LLT x4 % 20 2 % 3 W0 120 Mo 10 10 200
LTPD:AS-LLT 3 E(s)
“F| ..« LOPD:Simulated . . .
v LOPD:ES-LLT v Figure11l. Optimal packet length for multi-hop paths.
LOPD:AS-LLT 2 Me

s results for 2-hop and 3-hop paths are shown here, we have ex
P e amined cases with different hop counts (vari6)sind they all
o exhibit similar behaviors.

Effect of Hop Count on Packet Length

c# VI (200m,1mj)
-v-V: (100m,1ms)
——1V: (200m,10m4A)
cx IIE(100m,10m)
e -& -1 (200m,20mz)
v R A e, —e—1: (100m,20m4p)

Figure 10. Optimal Packet Duratiofg. I .

30

251

L L L L L L L L L |
0 20 40 60 80 100 120 140 160 180 200
R

Another important observation from Fig. 10 is that the opti-

mal solutions, obtained from either the simulation or Marko A V- JUPTS AT
vian ES-LLT formula, exhibit linear proportion to the ReR B Ty T v I
value%‘. It suggests that mathematically, the optimal packet de-
sign should follow the rufe A .
Lo R ’ ’ ‘ Hop C(s)unt K ! ’
5 =°F) (29)  Figure12. Effect of hop count on packet length.
6.2. Path Lifetime and Packet Length Another aspect examined here is the effect of hop count on

We can also investigate the optimal packet length for a givelIf\]hOep Cpr;?LCihoef C?S'[tiirl;r]]:ll p?;cckkeettIleirgtl;]hiISIZh'c:)isgénlﬁélgz %a:t OPL
th and the effect of h —1) on the optimal packet . -
path and the effect of hop couft 1) on the optimal packe design criterion. We can see that the packet length shostd al

length. Extending the optimal packet design example in Sec

tion 6. for a 2-hop path, the obtained results are shown beIovxPe chosen such that

In Fig. 11, we only present the results following LOPD de- B o (30)

sign strategy because the penalty of a path breakage idyusual
pretty high and a more practical design is to ensure thatgitack Combining our observations from Figs. 11 and 12, we con-
can get through the path with low outage probability. For ex-clude that the packet length fork-hop path should be de-
ample, in AODV protocol [21], when an existing path breaks,signed as
the source needs to flood the network to reinitiate a routiedo t
destination. Furthermore, similar to the case of link iifet, Lo R
the linear relationship between the optimal packet lengith a B = (W)'
network parameters can also be observed. Although only the

3Equivalently, we can transfé¢ to the other side of this equation. It means

2We recall thatf (n) = ©(g(n) means there exist positive constantsc, that when the number of hops increases for a constant baridRiithe packet
andM, such that 6< cig(n) < f(n) < cag(n) Vn> M. length should decrease.

(31)




7.

CONCLUSIONS

We have presented an analytical framework for the charac-
terization of link and path lifetimes in MANETs with unre-
stricted mobility. Given the existence of prior attemptsrie
corporate link dynamics in the modeling of routing and clus-
tering schemes [22, 4, 23], we believe that this new framkwor
will find widespread use by researchers interested in thigtana
ical modeling and optimization of MAC and routing protocols
in MANETSs. The advantage of our framework is that it accu-
rately describes link and path dynamics as a function of nod
mobility.

We illustrated how our framework can be applied by using

it to address the optimization of packet lengths as a functio
of link and path dynamics in MANETs. The optimized solu-

tions obtained from the proposed analytical framework show

substantial improvement on network throughput and prdtoco
performance.
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