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ABSTRACT 1. INTRODUCTION

A protocol, dubbed BeSpoken, steers data transmissions along a In randomly deployedMreless Sensor Networks (WSNs) com-
straight path called a spoke through a wireless sensor network withposed of location unaware nodes, data sources are frequently un-
many location-unaware nodes. BeSpoken implements a simple, aware of which data sinks have interest in their observations. An
spatially recursive communication process, where a set of control €xample is a network of cheap, battery-operated sensor nodes scat-
packets and a data packet are exchanged among daisy-chained rdered over an area, used for environmental monitoring and expected
lays that constitute the spoke. It directs data transmissions by ran-to efficiently deliver gathered information to a data collector (sink)
domly selecting relays from crescent-shaped areas along the spokéocated at an arbitrary (and frequently random) position at the net-
axis created by intersecting transmission ranges of control and datawork boundary. Given scarce resources and limited processing
packets. To specify design rules for protocol parameters that min- power of WSN nodes, the unknown position of a data sink makes
imize energy consumption while ensuring that spokes propagatethe task of delivering data especially challenging. Several new
far enough and have a limited wobble with respect to the spoke communication paradigms, like geocasting, data dissemination and
axis, our model of the spoke propagation matches the protocol pa-data search, emerged from this problem [5]. In the geocasting prob-
rameters to the density of network nodes, assuming that nodes ardem [10] data needs to be routed to a geographic region instead of
spatially distributed as a Poisson point proceskrmivn uniform a destination node specified by an address.
intensity. To avoid this requirement, we propose and characterize ~Unrestricted flooding as a dissemination method and a trivial
an adaptive mechanism that ensures desired spoke propagation in §rm of geocasting leads to a “broadcast storm” of redundant trans-
network ofarbitrary density. This necessitates a qualitatively new missions [11] and consumes more resources than necessary [4].
protocol model used to evaluate the spoke propagation under bothTwo dissemination techniques that use flooding selectively are briefly
the basic and the adaptive protocol. The introduced adaptive mech-described next. In push approach [3], a publishing process plants
anism repairs the spoke when the crescent-shaped area is emptpointers in the network that can be used by the interested sinks
which may occur in the case of network thinning and as a result to establish a path to the correct source. Publishing mechanisms
of random or arbitrary sensor death. Our analytical and simula- are largely based on flooding and consequent path reinforcement.
tion results demonstrate that the adaptive BeSpoken creates longeAlternatively, in [6] the authors introduce a data-cenfiiti mech-
spokes both in networks with uniform distribution of nodes and in anism calledtirected diffusion in which interest requests (queries)
networks with holes. In addition, the adaptive protocol is signifi- are flooded into the network leaving gradient paths back to the sink.
cantly less sensitive to changes in the distribution of network nodes With location-unaware nodes, a more efficient alternative to flood-
and their density. ing is to use landmark-based routing protocols [2] to store state
information in selected nodes (possibly along a path) to direct the
search toward the correct source [12].

Disseminating data along straight trajectories, studied here, is
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proach the data is greedily directed away from the source. In the
greedy geographic forwarding scheme a packet is forwarded to a
one-hop neighbor which is closer to the destination than the cur-
rent node. The similarity is only conceptual, since the assumptions
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source spokes, and a data collector (sink) sends a query along its N
own spokes that may intersect the source spokes. Each intersection \
represents a successful search.

BeSpoken implements a simple, spatially recursive communica- |
tion process, where a basic set of control packets and a data packet
are exchanged repeatedly among daisy-chained relays that consti- /
tute the spoke. It directs data transmissions by randomly selecting /
relays to retransmit data packets from crescent-shaped areas along
the spoke axis, created by intersecting transmission ranges of con-
trol and data packets. The resulting random walk of the spoke hop (a) (b)
sequence may be modeled as a two dimensional Markov process.
As a result of an analysis of this model, in [8,9] we proposed de-
sign rules for protocol parameters (such as transmission range of
data and control packets) that minimize energy consumption while
ensuring that spokes propagate far enough and have a limited wob-
ble with respect to the spoke axis. The parameters were optimized
for network nodes scattered as a planar Poisson point process of
a known uniform intensity. It was essential to match the protocol
parameters to the density of network nodes. However, randomly
deployed WSNs can frequently exhibit local phenomena such as
small areas scarcely covered by nodes, or communication voids. In © (d)
this paper, we aim to demonstrate how the proposed protocol reacts
to the variations in node density, and to propose and characterize
mechanisms that mitigate these problems.

Any geographic forwarding suffers from this local minimum phe-
nomenon, when all neighbors of the current packet recipient are fa
ther away from the destination than the node itself. To help packets
get out of the local minimum, Karp and Kung [7], and indepen-
dently [1], proposed the idea of combining the greedy forwarding signed to compensate for short-scale fading effects and, thus, our
and the perimeter routing on a planar graph which describes thetransmit power requirements depend only on distance-dependent
connectivity of the original network. In the context of Bespoken, propagation path loss. Assuming radially symmetric attenuation
the local minimum phenomenon arises when the absence of for- (isotropic propagation), the area in which the transmitted packet
warding nodes in a local area results in premature termination of ais reliably received is a disk of a given radius. We use the same
spoke. To mitigate this effect, we here propose an adaptive mech-transmission power for both data and control packets, but different
anism for Bespoken that repairs the spoke when it encounters ancoding rate and/or modulation format, so that the communication
empty crescent-shaped area along the spoke axis by seeking a rerate for control messages is lower and translates to a longer range.
placement for the last forwarding node. We create a model for the  In this section we first give the basic BeSpoken protocol, then in-
BeSpoken enhanced with the proposed mechanism, and emulateroduce protocol design parameters and relate them to two basic re-
its behavior in terms of decreased percentage of prematurely dyingquirements that a spoke should satisfy: its propagation distance, al-
spokes (with respect to what we here refer to as basic BeSpoken) ternatively referred to as Outage Constraint, and its deviation from
which is also confirmed by the protocol simulation. the spoke axis, also referred to as Wobbliness Constraint. Next,

A byproduct of the adaptive Bespoken mechanism is a reduced we introduce the spoke evolution model and its quantized version.
sensitivity of the protocol to variations in node density. The pre- This model allows for quantifying the outage and the wobbliness
sented results clearly illustrate that the adaptive BeSpoken performsconstraints.
better than the basic one in cases where the applied protocol param- .
eters have been underdesigned for the current network density. This2.1 ~ Basic BeSpoken Protocol
is an important observation as any WSN can become scarcely pop- The BeSpoken protocol implements a recursive process illus-
ulated over time due to random node dying. We also illustrate that trated in Figure 1 in the following way:
the adaptive BeSpoken performs well in the presence of network
holes, i.e. when sensors are systematically destroyed by hazardous (a) The leading relay (nodé) sends an RTS (request to send)

-

Figure 1: BeSpoken Protocol:At each protocol stage, the current trans-
mission range is denoted with the full circle while the previous range is enoted
with a dashed circle.

events. control packet with rangd? = rq whereq = 2 — ¢, for
smalle.
2. SYSTEM MODEL AND PROBLEM STATE-
MENT (b) The pivot (nod&)) sends a BTS (block to send) control packet
with rangeR.

Thebasic BeSpoken protocol organizes a sequence of fixed-power
relay transmissions that propagate the source message hop-by-hop, (c) The leading relay transmits the data packet with rangad

without positional or directional information in a dense wireless becomes the new pivot. The region in which nodes receive
network. The hop relays formspoke which may deviate from the this data packet but do not receive the preceding BTS packet
radial spoke axis. Each spoke hop is organized using a sequence of forms thel-st hop crescent Cs.

two control message transmissions followed by the hop data trans-

mission. We define the transmission range as the maximum dis- (d) A random node from the crescefit becomes the new lead-
tance from the source at which nodes can reliably receive a packet. ing relay by transmitting a new RTS. The process returns to
We assume that the physical layer modulation and coding are de- (a) with node 1 as the pivot and node 2 as the leading relay.



This recursive process is initialized by assigning the role of the
pivot to the source node which transmits the data packet with a
ranger. The first node which receives the data packet and gets ac-
cess to the medium becomes the first leading relay. The underlying
ALOHA-type Carrier Sense Multiple Access protocol would re-
solve any collisions; hence, after a possible additional delay, only
one random node from the crescent would transmit the RTS packet.

2.2 Design Parameters and Requirements

The vector from nod@ to nodel in Figure 1 defines the spoke
axis. The crescent subtending angle determines how much the
spoke may deviate from the spoke axis direction. The parameter
g = R/r determines the maximum crescent subtending angle. A
large subtending angle fosters wobbliness, yet it implies a larger
crescent, which increases chances that a relay will be found to re-
transmit data. Fixing to a small value that limits wobbliness re-
quires increasing to generate a large enough crescent and decrease
the outage probability. Note that the energy per hop grows*as
wherea > 2 is the propagation loss coefficient, so that the total
energy per spoke grows @s®~'. Hence, minimizing the trans-
mission range: corresponds to a minimum energy objective.

These competing tendencies illustrate the importance of the pro-
tocol parameters design. In [8,9], we characterize the spoke behav
ior as a function of parametersandq, with respect to the require-
ments:

e Propagation Distance/Outagethe probability that a spoke
dies before reaching a distané¢és small,

e \Wobbliness: the deviation of the instantaneous spoke direc-
tion with respect to the spoke axis is within defined limits.

Next, we first provide a general BeSpoken model and also summa-
rize the results on the spoke outage probability for the non-adaptive
BeSpoken protocol and state the general wobbliness results. In th
following section we model the adaptive BeSpoken protocol, which
allows for spoke backward repair when it encounters an empty cres-
cent, and quantify its outage probability. In the concluding section,
we compare the performance of the two protocol versions in terms
of their Outage behavior.

2.3 Markov Process/Chain Model

For the outage constraint, the Markov process of the hop-length
L, where indext denotes the time step, is formally defined as a
fictitious procesq Ly } that never encounters an empty crescent.

Observe that the region between the radiusontrol circle and
the radiusp arc defines amnterior crescent, shown as the shaded
area in Figure 2. From geometric arguments, it can be verified that
the area of this interior crescent is

Sic(l,p) = 2p°B(1, p) — 2R*a(l, p) + Rlsina(l,p) (1)

wherea(l, p) is found from the law of cosines to satisfys (1, p) =
(R* — p* +1?)/(2IR). Note thatL can vary from a minimum
value of R — Ly to a maximum value of. The crescenCi1
induced by the transmission of reléy(such as in Figure 1) has
an areaS.(Ly) = Sic(Lk,r). We note that’4 is the set of all
possible positions of the node+ 1. Under the fictitious process
model, the position of node+ 1 will be uniformly distributed over
the crescen€x 1.

From Figure 2 we see that, given the current hop ledgth= iy,
the arc of radiugp has lengti2ps3(l, p). The conditional proba-
bility that we find nodek + 1 in the annular segment of widip
along the arc of radiusis 2p8(lx, p)dp/Sc(1x). It follows that the

€

Figure 2: Given Ly, = [ and Ly+1 = p, the angular hop dis-
placement®;.. ; is constrained to the interval -3 < ®p11 < 3
where the maximum angular displacement at hopk + 1 is
8 = B(l, p). The shaded area denotes the interior crescent of
area Sic(l, p).

conditional pdf of the next hop lengthy 1 givenLy = i is

2 U,
e )
and zero otherwise. We note that (2) provides a complete charac-
terization of the fictitious procedd s }.

Furthermore, we develop a Markov Chain model that approx-
imates{L}. We start by quantizing thé, process, yielding
the m-state Markov chain,. For eachL; the induced crescent
Cr41, which has an are§.(Ly) = 2r°3(Ly, r) —2R*a(Ly, )+
RLy, sina(Lg,r), is also approximated by an aréa(Ly), and

ka+1\Lk (pllx) = R—Ilx<p<m,

quantized (see Figure 3). Here, a quantization intefyalcorre-
sponds to the strip of area

{f;;fhi 208(hi, p) dp,  § =" (i),

it a208(hisp) do, > 7 (0),

(and zero otherwise), and of widtf;, | within the crescent’;, of
areac; = ). di;. Herej"(i) min{j : h; > R — h;} is
the index of the leftmost non-empty quantization interval within
As shown in Figure 3¢;; = Sic(hs, h;) is thequantized interior
crescent area formed by the control circle (of radiuB) centered at
the kth hop relay and a circle of radius; centered at nodg + 1
at distancel, = h;.

In them-state uniform-quantization model, the hop-length states
{h;} uniformly quantize the process state spage- r, r] so that
h; = R —r +iA, whereA = (2r — R)/m is the quantization
interval. Furthermorej™ (i) = m — i so that the next-hop quanti-
zation intervalsZ;; satisfyZ;; = (h; — A, h;] for j > m — i and
are empty forj; < m — 4. The transition probabilities are now

dij ©)

Cij — Ci(j—1)
)

P t+j>m, 4)
and P;; = 0 wheneveri + j < m follows since, in that case,
(hj—1, h;] andZ; = [R — h,, 7] intersect in at most one point.

Additional quantization details can be found in [8].

2.4 BeSpoken Outage Constraint

For analytical tractability, instead of requiring the spoke to travel
distancel with high probability, we require it to travel hops with

Ci



The fact that a spoke stops at stdgevhen the crescent, 1 is
empty means that the spoke generation is a transient process. The
Markov Chain model based on the fictitious hop-length process is
appropriately expanded to include the outage event. Fontistate
Markov chain, let us denote the event that the fr'prstescent@k,
k=1,---,n,are notempty as\)* = {miny<, Zx > 0}. The
probability that the crescents,, ..., C, are not empty, and that

the system is in statgat timen is denoted»:gm = Pr{f,,, = hj;, A;VA} .

Using Markovity of L, and conditional independence Bf given
Ly, itis straightforward to show that

w = Y eGPy ©)
=1
wheree; = 1 — exp(—Ac;) is the probability of a non-empty cres-

cent while in statg. Using a recursive proof, in [8] we show that,
given the initial staten, x!" &m

;. = 0fori < mand;-eﬁ,ll) = €m
Furthermore, as FrAN 4} = S | ("), the probability that the

Figure 3: Ergodic Finite State Markov Chain: quantization spoke will stop at or before hap(assuming that the chain always
example for a four-state chain (n = 4): Ly = hs = r results starts in staté.,,) becomes

in the first crescent C;, of area ¢4 partitioned into four strips Pr{DNA < } -1 Pr{ANA}

of total area c4 = duy + daz + das + das; Lry1, quantized to s=hy = n

Li+1 = he, is followed by a crescentCy; of area c, and a = 1[0 po-1 - 1]T7 (10)

hop spanl, = [R — h2, r] which is (uniformly) quantized into a

crescent of areadss = co3 (shaded region) and a crescent strip where

d24 = c2 — c23 (the unshaded area). 152-]- - Pye;. 11)
The analysis of the outage constraint based on this Markov chain

results in the following design rule for the data transmission range:

high probability. In particular, we defing= [d/r| as the number  for a spoke to reach hops with probability, giveng, the range is
of hops corresponding to an idealized straight-line spoke extending required to be

to the distance.

For design purposes we assume that the spatial distribution of >1 \/ 1 <1 (11— ﬁ) 12
network nodes is a planar Poisson point process [13] of intensity r 2 1/yfexp(l) (1=p) 1), (12)
A = 1. Thus, a current cresceft,; forms a candidate set for
nodek + 1 with cardinality Z;, that is, conditionally, a Poisson
random variable with conditional expected value

E[Zy|Li = lx] = S.(Ix). ©)

wheref(q) = S.(r)/r?, andS.(r) is the maximum crescent area
for transmission range Note thatf (¢) is the crescent area for unit
r (the ratioS. () /72 does not depend ar).

2.5 BeSpoken Wobbliness Constraint
For non-adaptive BeSpoken protocol, a spoke stops akHhelpen The evolution of the spoke’s current angle is modeled as a zero
the crescenUy 1 is empty, i.e.,.Z; = 0. Since the nodes obey  mean Markov Modulated Random WalMRW) [9]. The wob-
a planar Poisson process, it follows from (5) that the conditional pliness constraint requires that the expected ti&,, ] until the
probability the crescenty.+1 is empty is spoke (i.e. its current angle) hits an angle thresholdor —¢,) is
_ bounded. The expected random-walk stopping titng’, ] is ob-
— — _ = Scllg) #o

Pr{Zi =0lLx =i} =e o ®) tained through an extension of Wald Identity based on a martingale
In order to formalize the Outage constraint for non-adaptive Be- transform of the MMRW. The above analysis results in a range of
Spoken protocol, we define ¢-s thatare then evaluated jointly withaccording to the following
algorithm [8].

DV = min{n : Z, = 0} (7)
Given the desired distancel, and the angle thresholdy,
as the first time the process encounters an empty crescent. n=1... 0o
For the BeSpoken with adaptive mechanisms, a spoke does not () E:alculateq* assumingr = E [T,
stop at hopk when the crescer@y1 is empty, unless the adap- (b) Giveng = ¢* from (a), calculate’™ from (12)

tive mechanism initiated at that point fails to repair the spoke. We (c) If d/r* < n, goto (a) else BREAK.
first present the Outage model for the simpler non-adaptive case,
and describe the adaptive Outage model in 3, only after properly
introducing and formalizing the adaptive BeSpoken protocol.

3. ADAPTIVE BESPOKEN:
2.4.1 Non-adaptive Outage Constraint A STEP TOWARD REAL NETWORKS

The non-adaptive outage constraint can be formalized as In sensor network deployments, spatial distributions of sensors
NA are usually far from being uniform. Such networks often contain
PV{D < 77} < p (8) regions without enough sensor nodes, which we refer to as holes.



good replacement

relay candidate nodes, and solicits a single own replacement from its own

crescent. The spoke stops when the replacement results in a non-
empty relay candidate set. Extensions to the cases with multiple
replacement trials are straightforward.
To model the adaptive mechanism, we use the uniform quantiza-
tion model illustrated in Figure 3, with only two quantization levels,
T again, for simplicity and without loss of generalization. Hence, the
BeSpoken hop-length evolution is modeled by a two-state Markov
Chain L. Following the notation from Section II.C, the states
and2 correspond to quantized hop lengths= R—r+A = R/2
Figure 4: The triptych represents a single transition of the andhy, = r, whereA = r — R/2. The corresponding quantized
Markov process modeling the adaptive spoke: in thdirst step areas are; = S.(R/2) andce = S.(r). To make a better distinc-
a new relay is selected by the pivot that becomes the Current  tion between crescents pertaining to different states, in the present
Leading Relay (CLR); in the secondstep the CLR becomes work we will use the notatios;, = S.(h2) andss = Sc(h1), to
aware that its induced crescent is empty, when it does not re-  denote the large and the small crescent areas, respectively.
ceive any RTS in due time; in thethird step the CLR solicits To establish a unifying model for both the hops that are com-
its own replacement by sending the request intended for all the pleted without utilizing the adaptive mechanism, and those that are
nodes in its own crescent - we show one such peer node that completed in the second attempt, through the adaptive algorithm,
replaces the CLR and, having a non-empty induced crescent,  we redefine the conditions under which the underlying Markov
repairs the spoke. Chain transitions to a new state. Now the chain does not transi-
tion into another state always when the next relay is found, but, as
an additional condition, the induced crescent of the selected relay
In routing, holes are communication voids that cause greedy for- must not be empty. The new definition incorporates a lookahead
warding to fail, and non-adaptive BeSpoken suffers from the same element with each “hop-length” state to make sure that at least one
vulnerability. We propose to extend basic BeSpoken protocol with subsequent hop is possible. This is necessary to seamlessly inte-
adaptive mechanisms to alleviate problems with small-scale net- grate the adaptive mechanism into the two-state model. This effec-
work discontinuities (network thinning caused by random node dy- tively adds a third trapping stafe when the subsequent hop is not
ing, holes, voids). In this section, an adaptive BeSpoken protocol is possible. The transition probabilities that (partially) characterize
proposed and its model is analyzed in order to establish a quantita-this redefined Markov Chain form the reduced matrix

tive measure of the protocol performance. Its improvement over the 0 pA
non-adaptive version is evaluated in terms of the gain in the likeli- Paa = {PA Pﬂ , (13)
; . . . . 51 Psy
hood to achieve a given propagation distance when employing the
same protocol parameters. since, as described in Section Il, the chain can not transition to the

. . same state from the state corresponding to the small crescent. The
3.1 BeSpoken Backward Repair Mechanisms  reduced matrixP.q does not include the transitions to trapping

In the following, the crescent to which the relay belongghis state". In order to formally define transition probabilitiés; , we
own crescent, and the crescent which is formed as a result of re- require additional notation. The data propagation will stop if both
lay’s transmission is referred to #% induced crescent. The Cur- the induced crescent of the CLR and of its replacement are empty.

rent Leading Relay (CLR) activates the BeSpoken adaptive mech- Trivially, if there are no replacements in the current crescent, it is

anism, since it has the ability to detect an empty candidate set by sufficient that the first induced crescent is empty. Let us denote the

observing the absence of the RTS request within a time-out pe- cardinality of the union of the two candidate relay sets (in these

riod. Upon encountering an empty cresc&htl;,) without candi- two induced crescents) with;. Now, it follows that the transition

date relays, CLR nodg can solicit another pivot from a previous  probability (with lookahead) can be expressed as

crescent, while keeping its leading-relay status, which would ef- A 2

fectively change the current spoke angle. Anotheakward-repair Py = Pr{li=hj, Zx > O|Li—1 = hi, Zx—1 > 0} (14)

technique requires the CRL to solicit its own replacement from its Note thatP.q is the adaptive counterpart (for ti@ne-Step Back-

own crescenb(lx-1), i.e., among the peer candidate relays. The \vard Repair BeSpoken Protocol) of the transition matri® whose

latter approach is termed ttome-step backward repair protocol. elements are given in (11).

The example shown in Figure 4 illustrates one possible scenario  The envelope of all possible replacing crescents created from

for the recovery attempt. Here, a replacement relay has been foundstatep = 1 is shown in Figure 10. The envelopes for the large

that creates a large non-empty crescent, hence repairing the spokegyrrent crescent are presented in Figures 11 and 12. Figure $1 fixe

We can envision that even if another replacement relay was selectedhe replacement relay’s state to statend illustrates two general

with an induced crescent smaller than the failed one, but at a suffi- cases of the relative position of the failed CLR and its replacement.

cient distance from the empty crescent to result in a large enoughTheir relative position determines the intersection of the induced

disjoint area, the chances of repairing the spoke are worth perform-crescents, where the support set of the replacement crescent is ap

ing this step back. proximated with so-called small envelope. Figure 12 fixes the re-
There is a whole spectrum of adaptive algorithms, nevertheless, placement relay’s state to sta&tewhich brings forth so-called large

for the sake of simplicity and without loss of generality, we only envelope. In the following we evalual.q for a Poisson node

consider the one-step backward repair protocol. distribution and using area linearization when approximations are
. necessary.
3.2 One-Step Backward Repair Model The probability of repair for the two-state Markov chain model,

We here analyze the adaptive mechanism introduced in 3.1, whergjiven that the failed leading relay was in statec [1, 2], and that
the current leading relay:th node) runs into an empty set of relay  the pivot was in the state € [1, 2], depends on the position of the
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Figure 5: Transitions of the adaptive mechanism contributing
to the transition probability Pf3; here E denotes the empty
crescent in state 2, andl” denotes the trapping state, when the
repair attempt fails.
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replacement relay, more precisely, on its quantization level, and on Figl;]re 6: Transitions of ,tlh'? adagtive mecr'arr]]ism contributing
how much of its induced crescent area is disjoint from the crescent tﬁ the transition probabilities P21dand P22’h ere £y denotes
formed by the failed relay. We refer to this induced disjoint areas 1€ €MPpty crescent in state 1/, denotes the empty crescent

as theinnovation area. The average innovation area, denoted with mttstate; f2,_|andT denotes the trapping state, when the repair
SP™ is calculated as the average difference attemptiauls.

mn )

A" = (Sc U Se > =5, to stateT" and the spoke will stop. Similarly for Figure 6 which
describes the repair paths for transitions from s2afEhe edges of
state diagrams are denoted with probabilities for each correspond-
ing transition event. Hence, by summing the probabilities of the
contributing transition repair paths, we obtain the elemét;@sof

between the first (failed) crescent atga(k + 1) and the crescent
areaS;" (k + 1) formed with the replacement relay. Here,de-
notes the quantization state of the replacement relay.Hence,

W _ Z PynE [An’m}s(pm)v the matrixP.q as follows:
m PA = 0 (15)
where the average is taken first over the envelope of possible cres-  pd  — &7 4 ¢ Le5ze, (16)
cents induced by replacement relays in statelenoted wittE (pm) .

The average probability of finding a non-empty set of candidate pp o= 2t {@ +eis (ﬁese% + Siewggl)] (17)

relays for the next hop is SL SL SL

S _ . S —_— S —_
i = B [(1— 7S 05D 7 Ph o= {eL +era (iese;ﬁz + £6L6532>} .(18)
Y E(pm)

given that the pivot was at the statgthe failed relay was at the 1 he derivation details are given in the appendix.
staten, and that a replacement relay was found corresponding to ; ;
the MC transition from statg to some staten. Here, the averag- 321 Adaptive Outage Constraint
ing was done over the possible relative positions of the crescents
(of respective areasy.* (k + 1) and S (k + 1), the relative posi-
tion being a random variable whose support set is determined by D? = min {n: 72 = 0} (19)
andp, and ultimately byE (pm). In the appendix we calculate an o ) _ o
approximation foei,, . by linearizing both the envelope area and as the first time the process fails to repair the spoke if it en.counters
the area of the crescent. an empty crescent. Hence, the adaptive outage constraint can be

Leter = e~°L andes = e~° denote the probabilities of large ~ €XPressed as
andimall cresc?nt being empty, respec.t.lv_ér,: (1 —e L) Pr{DA < 77} < p (20)
andes = (1 —e SS) denote the probabilities of large and small
crescent having at least one nodg;z = (1 —e ** (1 + L)) Let us denote the event that the spoke does not stop in thefirst
andesz = (1 — e °9 (1 + sg)), denote the probabilities that at  hops as
least two nodes will be found within the crescent of asgaand
8s. A;? = {minZ;f > 0} .

The introduced notation is used to represent probabilities of dif- k<n
ferent repair paths contributing to a particular adaptive BeSpoken The probability that the spoke does not stop in the fisbps, and
transition, as illustrated in Figures 5 and 6, when pivot is in state that the system is in stafeat timen is
1 and 2, respectively. For example, Figure 5 states that to tran- .
sition from statel to state2 one can transition directly if CLR’s ,u;”) = Pr{L77 = hj, A;;‘} .
induced crescent is not empty. If it is empty, its replacement exists, .
and its replacement’s induced crescent is not empty, it will transi- Using Markovity of ,, and conditional independence Bf given
tion to state2 in the second attempt. Otherwise, it will transition  L,_1, it is straightforward to show that for the adaptive BeSpoken

In order to formalize the Outage constraint for the One-Step
Backward Repair protocol, we now define
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Figure 7 Percentage of spokes dying at each hOp based on Figure 8: Two samples of spokes directed eastward in ¢hinning network

two-state uniformly quantized Markov Chain model: adaptive where the density of nodes is decreased to one half of the initial density due to
mechanism decreases the probability of spokes dying prema- random node dying: thin-line spokes are created by the adaptive BeSpokeme
turely asterix-marked spokes created by the basic BeSpoken; One-Step Backward adap-

tive protocol demonstrates better performance than the basic BeSpoken i.e. more
spokes survive in the thin-line cloud that in the cloud of asterix-marked spkes.
the expression (9) becomes

i pA =1 1) generat_ed as by extending a large number of spokgs to follow the
same direction. The adaptive mechanism used here is the analyzed

One-Step Backward adaptive protocol. The overlapping traces of

By defining the vecto:™ = [u{”, ... u{], (21) becomes  both protocol variants are shown in Figure 8. The presented re-
p(M = (1= DP 4. Recursively, we obtaip™ = p) (Pag)” . sult clearly illustrates that the adaptive BeSpoken performs better

Given the initial staten, andu“) = 0fori < m, uﬁ}) = €m, We

obtainu™ = 1[0 --- &n] (Paa)” .

AsPr{Asy =Y pi = pu™[1 .. 1]" | the proba-
bility that the spoke wil Stop at or before h@;p(assummg that the The second simulation experiment was designed to evaluate the
chain always starts in statg.) becomes expected better performance of the adaptive BeSpoken for a net-

Pr{DA < ?7} - 1 Pr{AA} v_vork with a hole (small unpopulated_network area): For estab-
- K lished design parameters éndq), we simulated a stationary net-
1[0 &m] (Paa)" V' [1---1]7 (22) work of unit density, with uniformly distributed nodes deployed
over a square region, where all nodes in the bounded region high-
4. CONCLUSION: NUMERICAL ANALYSIS lighted tindFigure 9, ?avg téeerll removedb Ag?in, SEoke trfaflzles akr]e
generated as we extended a large number of spokes to follow the
AND SIMULATION RESULTS same direction. The overlapping traces of both protocol variants are

We have numerically evaluated the outage probability based on shown in Figure 9. The adaptive mechanism used here is Two-Step
the two-state uniformly quantized Markov Chain model, both for Backward adaptive protocol, as we expected that once the hole is
the basic BeSpoken (10) and its adaptive version (22). Due to aencountered, the spoke needs to significantly change its direction
small number of quantization levels an error is introduced, but the in order to avoid the void. The presented result illustrates that this
evaluation is comparative, and we expect that the error is unbiased.adaptive BeSpoken performs better in the presence of holes.

In both cases Markov Chain transition probabilities were calculated ~ We suggest that each WSN application can be associated with
using the same design parameters (based on (12) and 2.5). The rehigher probability of irregularities of a particular type. Hence, the
sults presented in Figure 7 for two different network sizes show that appropriate adaptive protocol can be selected according to the ap-
the adaptive algorithm works better. We also support our analysis plication. For example, a WSN deployed for environmental moni-
with simulation results. For the same random network instances, toring over long time periods is likelier to suffer from network thin-
we ran simulations of basic and adaptive versions of the protocol ning, while a WSN deployed in disaster areas has higher chances
whose design parameters are based on the guidelines in [8] ((12)to experience network holes as sensors can be systematically de-
and the algorithm in 2.5), given a network of uniformly distributed stroyed by hazardous events.

nodes with unit density and known size.

The first experiment was designed to compare the performance
of the two protocols for a thinned network whose node density is
lower than the one used for the protocol parameiear(dq) de-
sign. Hence, the network nodes were deployed in a uniform manner
over a square region ensuring a half-unit density. Spoke traces are

in cases where the applied protocol parameters have been underde-
signed for the current network density. This is an important obser-
vation as any WSN can become scarcely populated due to random
node dying.
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Figure 9: Two samples of spokes directed eastward in a network wherekwole
has been created due to node destruction: thin-line spokes are created by the
adaptive BeSpoken and asterix-marked spokes created by the basic BeSpoken;
Two-Step Backward adaptive protocol demonstrates better performance than the
basic BeSpoken.
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APPENDIX
A. ADAPTIVE MECHANISM DERIVATIONS

When calculating the average probability of a hop in One-Step
Backward Repair Model, we approximate the crescent areas with
the appropriate rectangular areas. The area of the envelope over
which the average is taken, is calculated as the length of its lower
boundary times its width, which equals — R/2) form = 1, and
(2r — R) form = 2.

The same stands for the "inserted™ (failed) crescent: the area
is the product of its lower boundary and the width. We distin-
guish between two distinct areas; ~ l.s (r — R/2), andsy =
la (2r — R), approximating the small and the large crescent area,
respectively. Herel.s andl.; are the lower boundaries of the re-
spective crescents.

From Figure 10, forp = 1, m = 2, n = 2, we observe
that the envelope length i$; = R(cos™" (R* —2r%) / (2r°) +
2cos! (3R* — 4r%) / (4rR)) and the crescent length Is;, =
Rcos™" (R* —2r%) / (2r?).

In order to provide a universal representation of all the different
cases of envelopes and relative positions of the failed relay, we now
introduce the following notation

lE:lC(2+€)a

(23)
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Figure 11: Small Adaptive Envelopes for Pivot State 2 (Re-
placement Relay in State 1):(a)Small envelope, small crescent (failed
CLR also in state 1). (b) Small envelope, large crescent (failed CLR in state 2).

2 2
—1 3R%2—4r
cos IrR

cos—1 (R2727‘2)/(2r2) -

where, forp =1,m =2andn =2, =2
landl, = ..

Note the pointers in Figure 10 showing the envelope lehgtds

andl. = ls.
In Figure 12 (a), fop = 2, m = 2, n = 2, the envelope length
is
lg =3Rcos ' (R*—2r%) / (2r%) = 3L,
and the crescent length is
le = Rcos™* (R2 - 27“2) / (27“2)

Hence, we have
lp=1.2+¢), ¢=1andl. =l (26)

Figure 11 (b) and Figure 12 (b) respectively illustrate cases when
the failed relay was from state = 2, and the relay attempting to
repair is from staten = 1, and vice versa.

The probability of the repair success, for the case presented in
Figure 11 (b), can be aproximated with the probability of success
when both relays are from state = n = 1 (Figure 11 (a)).

For the case presented in Figure 12 (b), he.= 1, m = 2,
note that the probability of repair success is larger than the prob-
ability of success when both relays (i.ex andn) are in state2
(Figure 12 (a)), as the innovation area is larger by a constant factor
S =S8 — Ss.

Having introduced the universal notation, we calculate the aver-
age probability of repair success according to the following formula

T = B[a- )

} E(pm)

1
(1+6)>%1.2

l(‘ y—x _
(1 — e_(JTsﬁs))dmdy
O

(1+E)lc —z -
+/ / (176 e 51“))dxdy
le y—lec
(A+8)le  ry—le
+/ / (1—e*)daxdy
le 0
Ele ry+lc 1y ~
/ / (1767( chS“LS))dmdy
(14+8le  rA+E)le o— -
/ / <1767(T«ysl+s))d:ﬂdy
Ele
Ele (1+§)lc
/ / —e 2)dxdy |, (27)
Y+l

the length of the large circular segment at the bottom of the enve- \yhere

lope, and.. as the length of the smaller circular segment. For other
envelope caseéy andi. refer to the analogous circular segments.

Next, in Figure 11 (a), fop = 2, m = 1, n = 1, the envelope
length is

_1 5R? — 4r? 2008 3R? — 472

4R? 4rR )

and the crescent lengthis, = 2Rcos™" (5R* — 4r”) / (4R?);
hence,

lg = R(2cos

lg=1.(2+¢), (24)
where now
cos~ 1 3Rz;};lr2 _ cos~ ! 51?;1;;17«2
£ = I (25)
cos 1R

E:Qi—;z—lforpzl,mZQ

012 _cos—1 <5R2—247*2)

= 2 forp=2m=1

§= e Orp=2m=
cos™1 (M)

E=1forp=2,m=2
s1 =srandses =spforp=1,m =2

s1 =sgandsy =sgforp=2,m=1

s1=srandses =spforp=2m=2,n=2

s1 =sgandsy =spforp=2,m=2,n=1.
Here,p™ = B(hi, h;), denotes the angular displacement associ-

ated with transition from stateto statej (when the previous hop
length ish;, and the current length is;); Also, § = s2 — s1.



Solving the integrals in (27) results in a closed-form expression
for the probability of repair

in 62
ep,m,n = 2

(1+9)
2

675 675 s
W(O.E)— . + 57 (1—e™"1)  (28)

- e*ﬂ)) .

The following algorithm calculates the transition probabilities of
the Markov Chain that models the BeSpoken enhanced with One-

(1 — 6752) +

+£—¢

-5
S1

Step Backward Repair mechanism. REPAIR SET
Ph, = PE,
forn = (1,2)
{
Pyt = Sr(p,n)e” %G (1 — = eGPy S0 (p, m)egr,
} (29)
P} =0, (30)

wherePme = me are the following transition probabilities, re-
lated to the first attempt to find the next relay, i.e. without utilizing
the adaptive mechanism:

B
Pll :O
B N
Py =er
B S1__
Py = —es
SL
PE=2¢ 31
22 = — €L, (31)
SL

and coefficientsSr (p, n) andSc(p, n) are the elements of two ma-
trices associated with the two-state adaptive Markov Chain where
the two-level uniform quantization approximation is applied, in that
s1 = Sg, andss = s;, — sg

10 sp—ss
se =0 o, (32)

1 1
St = [ss/sL lfss/sL} ' (33)

(b)

Figure 12: Large Adaptive Envelopes for Pivot State 2 (Re-
placement Relay in State 2):(a) Large envelope, large failed crescent
(failed CLR in state 2). (b) Large envelope, small failed crescent (failed CLR in
state 1).



