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Abstract— We propose a learning-based approach to efficiently g
forward data to a mobile sink in a wireless sensor network.
Specifically we assume a push application where the mobilensi
does not initiate the query. Furthermore, the sink moves in a
randomized pattern within the sensor field. In the presented o o C G}
scheme, Moles (nodes that sense the sink) learn the sink’s
movement pattern over time and statistically characterizeit
as probability distribution functions. This information c ollected
at the moles is used in a distributed fashion to calculate the B F |
likelihood of a node being on a good path to the sink which is
used to determine whether to forward data through the node.
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. INTRODUCTION
Fig. 1. A section from a Grid-based sensor field showing thdeMa\, B,

Consider a forest patrol that makes periodic patrols alofygP and source nodes E, F, G, H, 1, J
certain paths in the forest. These patrols aim at preventing

poaching and monitoring endangered wildlife. Howeverijrthe i ) i . .
efficacy is limited because they cannot cover the entire arf@gt@ined from the neighboring nodes. Forwarding decisions

assigned to them. This problem can be solved to an ext@tteach node are made using these values with the intent of

by deploying a wireless sensor network that senses unusi@gvarding to a node/set of nodes that are most likely to lead

events in the area. Information about these events needs tolf the sink.

routed to the moving patrol. Besides flooding, a naive way

of doing this is to route to a stationary base-station at the

periphery of the network and then directly transmit to thiksi Il. FLOW: FORWARDING USINGLIKELIHOOD-BASED
However this is not always desirable because of energy and WEIGHTS

delay constraints. Instead, a better approach is to route da

to the patrol (mob"e Sink) while it i®sn the moveNote that Consider a dep'oyment of sensor nodes in a grid_based
the patrol does not know when to query. Periodic query mighiructure as shown in Fig. 1. Each sensor node is assumed to
not be feasible due to the energy and delay constraints s Welve a unit communication range so that it can communicate
as the fact that that unusual events are not likely to happgith nodes at its left, right, top and bottom. The mobile sink
Vel’y often. In such Situations, it is desirable for the mb”moves periodica”y a|ong the trajectory as shown. The nodes
sink to passively listen for incoming data from the sourcegat lie on this are assumed to be the Molds®, C, D in Fig.
Routing decisions can exploit the fact that patrols move i) \we construct a hierarchical structure of nodes by assign

a certain pattern that can be characterized by some spajifs level to nodes that aré hops away from a Mole. Thus,

temporal relation. Over time, the network can learn thisepat nodesk, F, G belong to levell, nodesH, I belong to leveR
and by adding a temporal dimension to the routing decisiognd node/ belongs to leveB in Fig. 1.

data can be pushed towards the moving patrol with a degree

of confidence about energy efficiency and delivery guarantee Define the eventd; as the event that the sink is in the
vicinity of Mole A between time; andt;,;. The probability

Forwarding using Likelihood-based Weights (FLOWf this event is denoted b;(A). In a similar fashionP;(B),
makes use of the underlying pattern in the sink's movement t9(('), p,(D) etc. can be defined. With this set-up, we define
discovergood data delivery paths. We defirdolesto be the the eventr; at nodeE on levell as the event that the sink is

nodes that lie in the vicinity of the path that the sink take& i the vicinity of Mole A or Mole B or both, i.e.E; = 4;UB;.
assumed that a Mole can somehow detect the presence ofthe probability of this event can be calculatedEgs:

sink near itself. Every mole characterizes the sinks prasen

its vicinity as a probability distribution. These are thesed by  P(E;) = P(A; U B;) = P;(A) + P;(B) — P;(A; N B;) (1)
each node to calculate its likelihood of being on a good path t

the sink in a distributed fashion using orlycal information Similarly, at nodeH, we can define the everfi; U F; =



o e 1) P;(S) > €1: This means that the probability of the sink

o x x x x x x x O 4 being in the likelihood region of is at least;. In this

d x x x x  x o367 ) case, the nod# calculates?; (Stop)— P;(Sperr) and

o o x x osses ] P,(Sperr) — Pi(STop). This can lead to three cases:
g 0.4316 a) Pi(STOP) — P,(Sperr) > €2 : This means that
§5°“ o 0’;28 o7 the probability of the sink being in the likelihood
gaop  x  x C——p10 x  x 3 region of Syop is more than that oS grr by

ok x ox OF x x40 x  x €2. The source node forwards the packet only to

0428 07076 &
o x 8 x o x  x _ digx  x Srop-
00 01518 0428 07076 A% b) P;(SLerr) — Pi(STOoP) > €2 @ This means that
o O fo JEEoms b 0 X ] the probability of the sink being in the likelihood
400 " " " o o o o

region of Spgrr is more than that ofS;yop by

€s. The source node forwards the packet only to
SLEFT.

Pi(STOP) — Pi(SLEFT) < € . This means that
the sink is likely to be in the likelihood regions
of both Stop and Spgrr and the source node
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Fig. 2. The set of routes obtained by FLOW at time slot 50 farrse node
S.e1 =09, e2=0.25 c)

A; U B; U C;. The probability of this event will be:

P(H;) = Pi(A)+ P(B)+P(C)

+ PL(AL N Bz N CL) (2)

forwards the packet to both of them.

2) P;(S) < e1: Inthis case, the probability of the sink being
in the likelihood region ofS' is low. It threfore forwards
it to one of the nodedigher up in the hierarchy. It
selects betweerXg;qgpr and Xgorrom. the node

with higher probability.
Since the sink canndimultaneoushbe in the vicinity of A ¢ P ¥

andC, the above expression reduces to All other nodes that receive a packet forward it using the

same algorithm, except that if they have received the packet
from a node higher in the hierarchy, they strictly forwartbit
a node lower in the hierarchy.

P(H;) = P(A)+P(B)+F(C)

= P(E;)+ P(F) — P(B) () - . .
Next we present preliminary simulation results for the
o ) proposed forwarding approach. We considered a grid-based
In a similar fashion,P(J;) = P(H;) + P(i) — P(F;) deployment of 100 nodes. The mobile sink is assumed to move
In general, for any source nod& we have along the trajecto_ry in such a way that the P_DFs learnt by t_he
Moles are Gaussian in nature. The average time of completion
P(S;) = P(SEFFT) 4 p(STOF) — p(STOPLEFT) (4) of a tour is taken to be 100 units. The probabilities at each

source node are obtained for all time intervals using Eqn. 4.
where SEEFT and STOP are the neighbors of in the In the first set of experiments, a node is randomly chosen as
lower |eve|lwhi|eSiTOPLlEFT is their common neighbor. Thus,the source node and it is scheduled to send data to the sink
each node can calculate the probability of the event ageacigdt @ randomly ch_osen_ time interval within the tour_duration.
with it using onlylocal information. We use this property to 1€ FLOW algorithm is used at each node to obtain a set of
propose a forwarding scheme to the mobile sink. paths to the moles. The outcome of one such experiments is
shown in Fig. 2 (time = 50). The likelihood values for this
Note that for a source nodg with coordinates(X,Y’), time instant at each node are also indicated. The values of
P(S;) denotes the probability of the sink being in the vicinityand e, were chosen to be; = 0.9 andey = 0.25.
of the Moles that lie on the portion of trajectory that lies
inside the regionz < X,y > Y) of 2. We call this region
the likelihood regionof S.

It can be seen from Fig. 2 that FLOW finds a set of
paths from the source node to those moles that have a
high probability of being in the sink’s vicinity. Furtherme

In this scheme, first a hierarchical structure is created&havhen the probabilities are similar, the algorithm seldmish
nodes that are the same number of hops away from the Moles
belong to the same level. Once such a structure is created,
the probability of the event associated with each sourceenod
iS Calculated USing the ValueS obtained fl’0m the neighgorirPELIVERY RATIOS AND ENERGY COST FOR DIFFERENT COMBINATIONS OF1 AND
nodes at the lower level in the hierarchy. Thus, the nodes at €2 SOURCE NODE AND TIME INTERVAL FIXED
higher levels get progressively updated.

TABLE |

€1, €2 €1 = 0.25 €1 = 0.50 €1 = 0.75 €1 = 1.00

. , =0.25 02,3 04,4 05,6 0.8, 10
A source nodeS that wishes to send data to the mobile Z —0.50 Eo.z, 3; E0_4, 6; EO-G, 9; ((0.85’ 11))
sink uses the following algorithm to decide which neighlort [ e2=0.75 | (0.2, 3) (0.45.6) | (0.7,11) | (0.9, 12)
forward its packet to. e2 = 1.00 0.2, 3) (0.45, 6) (0.7, 11) (1.0. 14)




neighboring nodes. This results multipath routing which
offers more robustness over single path routing.

To capture the effects of the parametefs and 2, a
source node and a time domain was fixed and for different
combinations ofe; and e, delivery ratio and energy-cost
associated with the set of paths generated by the algorithm
were obtained. These are shown in Table |. We define delivery
ratio as theUnion of the probabilities of all Moles that
received the packet. It quantifies the probability of susfiéky
delivering to the sink. The energy cost was obtained as the co
of the multi-path mesh structure generated by the algotithm
assuming unit cost per edge. It can be seen that there exists
a trade-off between the delivery ratio and energy-costs Thi
trade-off is nicely captured by the tunable parameterand
€9.

The key advantages offered by this scheme are:

1) Energy Efficieny. FLOW offers energy efficiency be-
cause it takes advantage of the underlying patten of the
sink’s movement to select only those paths that lead to
moles with high likelihood values.

2) Distributed Nature: In this scheme, each node can use
only local information to calculate its likelihood values
(Eqn. 4).

3) Scalability: Since each node needs to maintain infor-
mation about only its local neighborhood, this scheme is
scalable in terms of storage requirements at each node.

4) Robustness The multi-path nature of the routes dis-
covered makes this approach robust to individual node
failures.

5) Tunable parameters It can be seen from Table | that
there exists a trade-off between the delivery ratio and
enegy-cost. This trade-off is nicely captured by the
tunable parameterg andes.

We would like to generalize the current setting that consid-
ers a regular grid-based sensor field to random sensor fields
as part of future work.
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