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Abstract— For wireless sensor networks with many location-
unaware nodes, we investigate a protocol, dubbed BeSpoken, tha Loco0dy
steers data transmissions along a straight path called a spoke. 3
The protocol directs data transmissions by randomly selecting
relays to retransmit data packets from crescent-shaped areas
along the spoke axis. The packet retransmission by the selected
relay constitutes a spoke hop. The current spoke direction at
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any given hop may deviate from the spoke axis. In this work, 154 ‘
we model the current direction as a Markov Modulated Random D
Walk, and offer protocol design guidelines which ensure that the 109
deviation is limited. source spoke
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Fig. 1. The meaning of the name BeSpoken is twofold: the radial lines extending
I. INTRODUCTION from the source form a pattern that resembles spokes of a wheel and, furthermore, spoke

. relays bespeak the source message. In this simulation snapshot, source spskeware
In wireless sensor networks, events are observed by dii%/ sequence of relay transmissianges, to illustrate the fact that each spoke is an

source nodes. A wireless dissemination prOtOCOI USES a &®emble of possible data routes. The sequence of wireless transméaajsrforming
quence of wireless transmissions that propagate the irmforma productive sink spoke is denoted by tiny circles(see the boxed spokejodiigtive

tion from the source to the sinks Frequently the data soisrc sink spokes are represented by dots. The search success is marked by a

unaware of which sink nodes wish to learn of its observatiold® Source and the sinks spawn several equally spaced radial

If the source is also unaware of its position, as the nodesSROKES: As illustrated in Figure 1, a source disseminatés da
random sensor networks are, it is unable to send complé‘f@’ert's‘e'ﬁnen,tS along the source_spokes, and a sink sends a
information to the sinks, in terms of both the nature of amevedUery along its spokes that may intersect the source spokes.
and its location. This problem is typical of sensor network?acr mtersectrl]on repr]:ashents a successkful gearc:]. Theifikst

due to their assumed simplicity and scarce energy resaurciRke to reach one of the source spokes is caifeductive.

In particular, GPS, the most widely used positioning sysiem Successful search i§ to be followed by the reinforcement of
a significant power consumer, and infeasible in environserft route ak_)ng the intersecting spokes anq subsequent F'ata
with clear-sky impediments. Hence, data source locatimati dissemination. A GPS and DoA-enabled sink can determine

would be an attractive complementary feature of a wireleli Positions of the nodes along the productive sink spoke,
dissemination protocol. and let them know of their positions. The other part of the
Flooding is the simplest dissemination strategy, nevégtise enforced route can be learned based on the known position

it typically yields excessive communication [1] and candea® the intersection nodes, provided that the direction @ th
to a “broadcast storm” of redundant transmissions [7], ss1& source spoke is known. This can be achieved in a variety of

mitigating technique is employed [11]. The idea of data seur V&S, such as joint DoA estimation performed by the nodes

localization enabled by the dissemination protocol progeis Surrounding the intersection, or by a mobile DoA-enabled
absent from flooding-based dissemination techniques.raievéNk Which can move to the intersection and determine source

papers consider spatial properties of the disseminatiatero SPOKe direction by polling the spoke nodes. We consider
Different forms of spatially constrained random walk argeSpoken as both a dissemination protocol, and a tool td buil

discussed in [2], [4], [10], while the idea of a trajectory-a,n inf_rastructure of relatively straight paths (spokes) g
based dissemination is presented in [5], [8]. None of theditection and length can be learned with moderate effort. A

dissemination approaches enable unknown source lodalizat d€SCriPtion on how the spokes would tessellate the sensor
Motivated by the radial symmetry of isotropic wireles§'€WOrk space, and the implications and possible appieati

transmission, we propose a dissemination protocol, dubbgiguch an infrastructure can be found in the companion paper
BeSpoken, that conveys information about an event to thessinl- The focus of this paper is the mathematical model of
in an energy efficient manner, and whose spatial propergies ¢N€ BeSpoken, with an empha,ss'on the Markov-modulated
simplify the source-location estimation. This protocohge andom walk model of a spoke’s direction.

ates relatively straight-line trajectories called spokeihout Il. SYSTEM MODEL AND PROBLEM STATEMENT

requiring the nodes to have any navigational informatioe. W We consider a dense wireless network with a uniform spatial
envision simple sources while sinks are likely to be mormistribution of nodes. TheBeSpoken protocol organizes a
capable in terms ofdirection-of-arrival (DoA) estimation, sequence of fixed-poweelay transmissions that propagate the
and in being location-aware and application-cognizant. V¢@urce message hop-by-hop, without positional or diraatio
examine networks in which the sinks are distributed unifgrminformation. The hop relays form gpoke which may deviate
along the perimeter of the network area. Since the exdodbm the radialspoke axis. Each spoke hop is organized using
positions of interested sinks are not known, we conjectuaé t a sequence of two control message transmissions followed by
the likelihood of successful data search would increasetiiib the hop data transmission. We define the transmission range
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Fig. 2. BeSpoken Protocokt each protocol stage, the current transmission range
is denoted with the full circle while the previous range is denoted witlashed circle.

) ) ) Fig. 3. (a) At hop k + 1, nodek + 1 is distanceL 1 from nodek and the

as the maximum distance from the source at which nodes cainent spoke direction i©x41 = O + ®p41. (D) Given L, =1 and L1 = p,

reliably receive a packet. We assume that the physical Ia)aﬁrangu'a’ hop displacemedit;, 1, is constrained to the intervad § < @x41 < 5
e

. . . re the maximum angular displacement at thog- 1 is 8 = 3(l, p). The shaded
modulation and coding are designed to compensate for sh@tz denotes the interior crescent of aga(l, p). (t:0)

scale fading effects and, thus, our transmit power requéres  , \Wobbliness: the deviation of the instantaneous spoke

depend only on distance-dependent propagation path loss. direction with respect to the spoke axis is within defined
Even though in a sensor network environment data rates are |imits.

low relative to the available bandwidth and interferenceds The vector from node to node1 in Figure 2 defines the

a primary issue, still, our protocol mitigates the inteefete g0 axis. The crescent subtending angle determines how
as ,'t always selgcts only one .node FO retransmlt. ASSUMIRY o the spoke may deviate from the spoke axis direction.
radially symmetric attenuation (isotropic propagatidh area |, parameter; = R/r determines the maximum crescent

in which the transmitted packet is reliably received is *dissubtending angle. A large subtending angle fosters wobble-

of a given radius. We use the same transmission power fQlqs vet it implies a larger crescent, which increasesaeisan
both data and control packets, but different coding ratéa@ndyy, s 5 relay will be found to retransmit data. Fixipgo a small

modulation format, so that the communication rate for ‘mntrvalue that limits wobbleness requires increasintp generate

messages is lower and translates to a longer range. large enough crescent and decrease outage probabilitg. Not

A. BeSpoken Protocol that the energy per hop grows a8, wherea > 2 is the

rsopagation loss coefficient, so that the total energy pekesp

rows asdr®~!. Thus, minimizing the transmission range

) corresponds to a minimum energy objective.

(@) The leading relay (nodg) sends an RTS (request to send) thege contending influences illustrate the importanceef th
control packet with rangd? = rq whereq =2 —¢, for 510001 parameters design. In this paper we develop closed
small e. form expressions that serve as bounds for the values, of

(b) The pivot (node) sends a BTS (block to send) controlygring that the wobbliness constraint is satisfied. In our
packet W_'th rangei. _ ) companion paper [6], we show that outage and wobbliness

(c) The leading relay transmits the data packet with rang€.,straints can be decoupled. We also show that satisfying
and becomes the new pivot. The region in which nodege \\oppliness constraint requires that one finds the mimimu

receive this data packet but do not receive the precediggo that the spoke direction is within the limits aftehops,

BTS packet forms thé-st hop crescent Cs. where n is a sufficient number of hops to reach the target
(d) A random node from the cresce@t becomes the new yigianced.

leading relay by transmitting a new RTS. The process
returns to (a) with node 1 as the pivot and node 2 as the
leading relay. In this section we develop an analytical model of the spoke.

This _recursive process is initiali;ed by assjgning the wfle 5 BeSpoken Geometry

the pivot to the source node which transmits the data packet i i

with a ranger. The first node which receives the data packet F19ure 3(a) depicts hops andk + 1. At the completion of
and gets access to the medium becomes the first leading rei@p *» the lengthL; denotes thesurrent hop length and the
The underlying ALOHA-type Carrier Sense Multiple Acces&19/€©). denotes theurrent spoke direction.

protocol would resolve any collisions; hence, after a paesi [ "0M Figure 3(b) we observe that givép = [ and Ly, =

additional delay, only one random node from the crescefitthe control circle of radius? centered at nodé — 1 and

The BeSpoken protocol implements a recursive proce@
illustrated in Figure 2 in the following way: 9

IIl. SPOKEMODELING

would transmit the RTS packet. the circle of radiusp centered at nodé specify a radiugp
arc for the possible positions of nodet 1. The endpoints of
B. Problem Formulation this radiusp arc constrain thangular hop displacement &y, 41

to the interval—( < @, < (8 where the maximum angular

To describe the effects of the data and control ranges . i . .
and R, we evaluate the spoke behavior with respect to t'?ézplc%crﬁgsrr: elr??ag/ g gélg).—%??hp“)nsi;rdi law of cosines to

constraints:
« Outage: the probability that a spoke dies before reaching cos B(l, p) = R? — p* — 12. )
a distanced is small, 2lp



We also observe that the region between the raéiuwontrol state isL; = h;, the corresponding next process hop length
circle and the radiug arc defines amnterior crescent, shown is Lyy; € Z; = [R— h;,r|, whereZ; is thenext hop span and

as the shaded area in Figure 3(b). From geometric argumeitts|ength|Z;| is also the width of the corresponding quantized
it can be verified that the area of this interior crescent is crescentC), of areac; = Sc(h;). Li41 is quantized to state

Sc(l, p) = 20261, p) — 2R%a(l,p) + Risina(l,p) (2) 9 Wheneverbus €Ly where

where «(l, p) is found from the law of cosines to satisfy
cosa(l,p) = (R* — p* + 1)/ (2IR). Note that the sefZ;; : j = 1,...,m} partitionsI; and serves
Lk can vary from a minimum value off — Ly 10 @ a5 a set of quantization intervals fdr,,, when L, = h,.
maximum value ofr. The induced interior crescel1 in  This quantization mapping is illustrated in Figure 4 where
Figure 3(a) has an aresi.(Lx) = Sic(Ly, 7). We note that ;¢ 7, is extended to reach the quantized node position
Ch+1, termed thecurrent crescent, is the set of all possible marked with a grey circle aty., = he. The chain proceeds
positions of the nodé + 1. by declaring a fictitious node at the quantized position &s th

B. Markov Process Model for Hop Length Evolution new leading relay. As depicted in Figure 4, a quantization

. ... interval Z;; corr nds to the strip of ar
For design purposes we assume that the spatial distributlon & #ii COTrESPO ds to the strip of area

Iij = Il N (hjfl, hj] (5)

. . . . . h, o

of network nodes is a planar Pmsson point process of intensi B fthi 208(hi, p)dp,  § = 7*(4),

A = 1. Thus, a current crescent yields a candidate set for dij iy B(hi, p)do, § > 5*(0) (6)

nodek + 1 with cardinality Z;, that is, conditionally, a Poisson hy—a “POP) APy 0 = 37K,

random variable with conditional expected value (and zero otherwise), and of widfT;;| within the crescent
E[Z| Ly, = 1] = Se(lx). @) Gk of areac; =}, d;;. Herej*(i) = min{j : h; > R — h;}

is the index of the leftmost non-empty quantization intérva
The fact that the current hop length defines the expecteasizegyithin J,.

the candidate set for the next relay illustrates the Ma&ovi  As shown in Figure 4¢;; = Sic(hi, h;) is the quantized

character of the hop length evolution. In particular, @ $mahterior crescent area formed by the control circle (of radius
Ly, will create a small crescent; this induces a support sgl centered at theith hop relay and a circle of radius;
[R — Ly, r] for Ly, that excludes small hop lengths in thesentered at nodé + 1 at distancel;, = h;. Note thatc;; <
interval [R — 7, Rt = Ly). Ci(i+1) < Cim, Wherec;; = 0 for j < j*(i), cim = ¢;, and

The companion paper [6] shows that the analysis of the Oyt=" — ¢, — ¢i(j—1)- The hop-length transition probabilities
age and wobbliness constraints can be decoupled by formally

defining {L;} as a fictitious process that never encounters P;; = Pr{ﬁkH = hj|ﬁk =h;}

an empty crescent. quer the. fictitiou; process model, the = Pr{Lps1 € Tij| Ly, = hi} = dij /e )
position of nodek + 1 will be uniformly distributed over the

crescentCy ;. From Figure 3 we see that, given the currerfollow from the uniformity of Poisson spatial distributiasf
hop lengthL;, = I, the arc of radiup has lengti2p3(l;, p). nodes and since the fictitious process assumes that theotesc
The conditional probability that we find node+ 1 in the Cy is not empty. Intuitively, whenn is sufficiently large,
annular segment of widthlp along the arc of radiug is the ergodic Markov chain will approximate well the ergodic
2081w, p)dp/S.(Ix). It follows that the conditional pdf of the Markov process. We consider Markov chain models with both
next hop lengthL; 1 given Ly = I, is uniform and non-uniform quantization R — r,r]. In this
206(lx, p) paper we focus on the uniform quantlzz_mon_ model for the
le’) R—-1l;<p<m, (4) purpose of modeling the current spoke direction.

and zero otherwise. We note that (4) provides a complé'—l)e
characterization of the fictitious proce¢d,}, representing Figure 3 (a) indicates that the angular hop displacement
a Markov process model for the evolution of hop length. ®;41 at hopk + 1 changes the current spoke direction in that

ka,H\Lk (pllk) =
Sooke Direction Process

C. Finite Sate Ergodic Markov Chain Model k1
Here, we develop a Markov Chain model that approximates Ok41 =0, + P41 = Z P,;. (8)
the Markov process described above. We start by quantizing i=1

the L. process, yielding then-state Markov chainlz. We  \ye opserve that all points along the radjuarc in Figure 3 (b)
first select a chain state set that quantizes the process sigh equiprobable locations for node+ 1. Thus, given the
space[R — r,r], then describe a mapping from the Processequence{L;}, the angular hop displacemenf®;} form

state space to the chain state set and, last, describe téngs 5 sequence of conditionally independent uniform random
chain probability transition matrix. We defifé, ...~} € yariables with the conditional pdf

[R—r, 7] to be the chain state set. Without loss of generality,
we assume thaip = R—r < hy < hy <...< hy, =1 As
illustrated in Figure 4, whenever thigh hop Markov chain

Jor i Ly L (Bl lis1) = 26( : o

ey lk1)”



ergodic Markov chainl;,. Following [9, Chapter 17.71T,, is
also a stopping rule for the martingald, (w) relative to the
joint process{ My, (w), Lg; }. Hence, following [9, Lemma 6]
and theoptional sampling theorem [9, Theorem 6] we have

exp (w@T%)I/i(T ) (w)
(W] =E o =1, (15)

o(w) e Vi(0) (w)

for w € (w_,wy). Since the stopping tim&,, is a random
variable of unknown probability distribution, elaboratadtime-
matical methods must be used to model it. Our methods utilize
(15), which is an extension of th@ald identity to Markov

Fig. 4. Ergodic Finite State Markov Chain: quantization example for a four-stadn modulated random walks. FiI’St, the wobbliness constraint i

(m = 4): L, = ha = r results in the first crescent), of areac, partitioned into  based on the first moment tho, as
four strips of total areacy = da1 + daz + daz + das; L1 € Zao, quantized

to Ly 41 = ho, is followed by a crescenCy,+1 of areacs and a hop spards = E [T@ } >n. (16)
[R — h2, r] which is (uniformly) quantized into a crescent of aéa = co23 (shaded T
region) and a crescent strifps = cz — c23 (the unshaded area). Second wobbliness constraint is based on thewulative
for |¢| < B(lx,lx+1), and zero otherwise. This probabilitydistribution function (CDF) of T, , as follows
distribution does not change when the conditioning secgienc

9 g secel Pr{T,, <n} <p. (17)

contains quantized valugd., }. The current angle sequence

{©} is a random walk process modulated by the Markaw subsection IV-A we demonstrate how to compute the mean

chain{L,}, completely described by equations (7)-(9). E|[T,,]. Subsection IV-B describes a bound on the CDF of
The transform domain analysis of Markov Modulated Rarthe stopping time. These two approaches together provide a

dom Walks MMRW) [9] dictates that we first define thegood description of the stopping time, based on which a range

conditional moment generating functions of the incrementaf ¢ values can be found for each,.

angular displacemerib; ; from (8) A. Expected Threshold Crossing Time

9ij(w) = E {eXP (Prr1w) [Li = hi, Liy1 = hg} (10)  The random variabl®r, s either—y, or ¢,, assuming
1 ©i, that there is no overshoot. We address the problem of over-
/ exp (¢w) dp = h(pijw), (11)  shoot later. By symmetry arguments, first and second moments
of ©r, are

Blor,] =0, varor, | =B[6r, " =¢.  (18)

20 i

for w in a convergence regiofw_,w ), wheref (z) = sthe
andy;; = (h;, hj). We create a matriX’(w) with elements

Ty (W) = Pijgis(w). (12) We fel/aluate the second oLerl\f?tlve of (15) with r(_aspect to
w atw = 0, and denoteu;(w) = v} (w)/v; (w), to obtain the
The Perron-Frobenius theorem (see e.g., [3]) dictates thpected number of hops until the hop angle hits the threshol
its largest eigenvaluer (w) is real and positive. The el- as
ements of the corresponding right eigenvectofw) = var[e Bl o
(1 (w) -+ v (w)]T are also real and positive. Next, we defingz [T, | = 02,1 + E [picr, ) @), = Hi0) (w)|W:°.

] a”(w)
the product martingale [9] (@) |0 (19)
exp (w Ok) Vi) (w) "
My, (w) = —— &) (13) One can show that, for = 2, the denominator’—) ‘ =
ok (w) Vi(0) (w) o(w) | ,—o

wherei(k) is the random state index of the chain at time 1 2 2 2 2

and the random variable,;, () is thei(k)-th element of the 3 (m2Po2p3y + M Pripty + 1 Pragiy + T2 Porg ) - (20)
right eigenvector. wherer;, i = 1,2 are the elements of the vector of stationary
state probabilitiest = [r;] ;. - Note that termsp?; /3 are
transition-specific variances. Direct generalization2@¥)(to an

The spoke goes off-course at hépwhenever the current ,, state model has a form of a stationary average of transition-
angle©,, in (8) exceeds one of the following two thresholdgpecific variances over? transitions

¢, and —¢,. To describe spoke wobbliness, we define

IV. WOBBLINESSCONSTRAINT MODEL

. i C) =var[f] =7PWu"
Ty, =min{k : |O] > ¢o}. (14) o (@) |u_o P )
to be the first time that the sp_oke goes off-course. As Wwehere, pl)  _ [P.(?)} with elements P(*)  —
model the angle process evolution only up to that pdiiy, L (mxm) I

J
is the stopping time of the random wall®,, modulated by the (P;;¢7;) /3, andu = [1...1] ., - It can be shown that, for



small crescent subtending angles relative to the threshgld to be improved. Such a behavior is due to the fact that the
we can ignore the termg [Mz‘(T%)] and ;0 in (19), thus  outage constraint is a constraint in probability, while )(i6

a constraint in the mean, where the pertinent pdf is longdai
BT, | var[Or,_]
Pl varld]

Since (19) neglects the overshoot, we now seek to incluffe Probability of threshold crossing before time 7,

the overshoot impact. We start with the overshoot analysis ) ) )

of the simple random wall®,, = S"_, ®;, modulated by Motivated by the observat.lons illustrated by Figure 5 (a),
one-state Markov Chain, i.@; ~ U (—p11,¢11). Based on W€ here anglyze th_e wobbliness m_od_el, as defined in (17),
the derivation presented in the appendix, which assumes tff@m the point of view ofLarge Deviation Theory (LDT).
undershoot and overshoot have the same uniform distriputig/e determine a bound for R7,, <u} based on the
we obtain the overshoot-inclusive form of the numeratdpartner-Ellis theorem [3, Thm 2.3.6] and its application to

(21)

of (21) for a one-state MMRW an empirical measure of finite Markov Chains, in particu-
lar [3, Exercise 3.1.4]. Le’goﬁo) denote the Markov proba-
var[Or, | = ¢+ (2/3)pop11 + ¢11/6. (22) bility measure associated with the transition probabititg-
trix (7), and with the initial stateL, = ¢(0). Precisely,
Note that the second P (ﬁ N )7 : =P is the
term in (22) contains Rio) \F1 =Yoo bn = Un ) =iy L=t Pyiyirn 19
the half-spang;; of the G probability of a specific Markov chain path, startingi&d),

and transitioning through the sequence of stétes.- ;. Now,
let us denote);; = U (i, ¢45), and thus, the conditional law
of {®,} for each realizatiof{ Ly, = v },_; iS [[im) Yy 1us-
Denoting withElsz) [.] the expected value with respectgﬁﬁo)
and the associatdd"_; ¥, ,y,, we further define\,, (nw) =
log Eﬁo) [e>k=1 ®] . Following a derivation analogous to

> [3, Thm 3.1.2], we find that the logarithmic moment gener-
ating function of the current angle is related to the largest
eigenvalues(w) of (12) asA(w) 2 limy_.oc LA, (nw) =

logo (w). According to [3, Thm 3.1.2], the enmpirical mean
of the sum of angle deviations modulated bz)ﬁo) has a
rate function, which is a conjugate function &fw), i.e the
Fenchel-Legendre transforte*(z) = sup,, {wz — A(w)}. A

geometric interpretation of*(x) is given in Figure 6. Using

uniform pdf. To extend
the expression (22) ton-

state  Markov-modulated
random walk, we replace
p11 With a weighted sum
of transition-specific angle
spans ZZj:l WijPijs

where Wi j = TH,P?;]‘.

Hence, the angle span

associated with the trivial
transition of the one-state
MC is now replaced with
a stationary average over -
angle-spans associated

with m? transitions of the ., T the fact thatA(w) is a convex function, and\(w) > 0 for
m-state MMRW. Note that w € (w_,wy), and applying the total probability formula
the third term of (22) is one T (;') © 77 7 over the event spac&; = {T,, <1,0r, >¢,}, By =
half of the angle variance {T,, <101, <—¢o}, Es = {T,, >n,01,, >¢o},

for &; ~ U(fwll’wll)' Fig. 5. Sample of spokes directed eastwardE4 = {T@o >777@T990 < _800} to (15)’ assumingd > 0,
For the m-state MMRW, - "constraint in the mean” vs."probability con- We obtain:

we replace this term with straint” design.

another weighted sum wher@ /2)w;;-weighted terms are
transition specific variances?;/3. Hence, extended (22), in 1 = £
matrix notation, is

exp (w@T%)Vi(T%) (w)

‘El Pr{El}

(w) Vi(0) (w)

[exp (wOT,, )Vi(T%) (w)

var[Or, | = o2+ 2p, (ﬁP(“)uT) +1/2 (ﬁP(”)uT) : +E
(23)

Teo
o(w) Vo) (W)
p exp (weTwo)Vi(Tvo) (w)
and Pff) = Pi;p;j/3. The overshoot- U(w)Twm(o) (w)

P(a) _ |:Pz(7a)i| |E2 Pr{EQ}
inclusive variar?t1 Xor?) (21) for a multi-state chain (23) yisld [exp (wOT,)
values that match the simulation results closely and censis- F T |Ey| Pr{Eys}
tently. Note that (21) expresses the expected stopping time L o(w)" 7 Vi) (@) 1
as a function ofg only. Figure 5 (a) illustrates the achieved AN ()
wobbliness in a sam i > E Jexp (WO, — T loga(w))L
ple df00 spokes directed eastward, de- eo Po Vio) (@)

signed to propagates0 length units with the wobble threshold )

of m/4. It is evident that a large number of spokes exceed> exp (wip, — nlog g(w))w

the targeted propagation distance, while the straightnesds Vi(o) (w)

Vi(Taﬂo) (w)

‘El Pr{El}

Pr{E}, (24)



—— log(o) for prop. distance 50m
— 0 Inw

n=2 hops

constraint "in the mean”. We also suggest a constraint based
on the probability bound of the hop count before spoke goes
off-course. For a given data range the statistics obtained

from the simulations of the BeSpoken designed according to

1 0 1 2 i . . _
this constraint show a better control of the spoke direction
‘ ‘ ‘ i at the expense of a slightly increased rate of prematurely
257 | —— Jog(a) for prop. dist. 1500m ] .
I - stopped spokes due to outage (Figure 5 (b)).
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VI. APPENDIX

The expression (25) evaluated for some desired

Pr{T,, <n} p: provides an upper bound foy, MMRW Overshoot Analysis

as opposed to the lower bound obtained through (21).The gne-state Markov Chain modulated random véjk=
Figure 5 (b) illustrates the achieved wobbliness in anothern ®; is in fact the 11D random walk. This random walk

sample of500 spokes directed eastward, designed accordigg;as if the condition in (14) is satisfied. We define the
to (25). undershoot asX = ¢, — ©7, 1, while the overshoot is
V. RESULTS AND CONCLUSION defined asy’ = ©7, — ¢,. As the IID ®; is uniform over
We propose a protocol that generates spokes, relativglyeii,¢11}, and as afl,, ®; assumes a positive value, we
straight-line data dissemination trajectories, withaduiring conjecture that random variables and Y have the same
the nodes to have navigational information. Analysis of pdfs fx(z) = fy(z) (or at least the first two moments), both
Markov-modulated random walk model for the spoke resultmiform, with support sef0, »11 } . We define random variable
in a design for protocol parameters, necessary to produée= X +Y s.t. Z|Y ~ U (Y, ¢11).
sufficiently long and straight enough trajectories. AsE[Z] =E[Y|+ E[X|=2E[Y]=2m and E[Z] =
We support Ey {E[Z|Y]} = Ey {(Y +¢11)/2} = (m + ¢11)/2, we
1 our analysis with obtain the first moment of the overshoot &§Y] = m

— simulated cdf of § simulation results. We ¢11/3. Further, we establish
_._ cdf bound forIo

05 simulate a station_ary E[Y?] = my, E [22] = 2ms + 2E[XY] = ms + men
network  of  unit- 9 5 9
. | density, with uniformly £ [2°] = EvE[Z7Y] = (1/3)(m2 + men + ¢11)  (26)
0 5 10 15 20 distributed nodes Solving the system of equations (26) we obtain the second
‘ ‘ deployed over a squaremoment of the overshook [YQ] = ?,/6. For symmetry
Fig. 7. Comparison of the LDT-based CDF

bound and CDF obtained by “sampling” the un- regi_on_. Simulation reasons the variance of the random walk at overshoot is equal
derlying m-state Markov Chain. statistics are generatedat bothy, and —¢,. Thus, as both overshoot occurrences are
by extending a large number of spokes to follow the saneguiprobable,
direction (as in Figure 5), over several network realizagio
( gure 5) | var[0r, ] = 0.5 (2E [(g, + Y)?))
The collected averages for the spokes going off-course ° ) )
= @, +(2/3) w011 + 11 /6.

confirm the validity of the design with respect to the imposed (@7)



