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Introduction (1/2)

* Envision employing a mobile vehicle (WCV)
carrying a battery charging station to periodically
visit each sensor node and charge it wirelessly.

* Introduce the concept of renewable energy cycle
where the remaining energy level in a sensor node’s
battery exhibit some periodicity over a time cycle.



Introduction (2/2)

 Formulate an optimization problem, with the
objective of maximizing the ratio of the WCV’s
vacation time (time spent at its home service

station) over the cycle time

* Develop a provable near-optimal solution for
any desired level of accuracy.



Problem description (1/8)

A set of sensor nodes N distributed over a
two-dimensional area.

Sensor node has a battery capacity of E,,, .,

Denote E,,;;, the minimum energy at a sensor
node battery.

Each sensor node i sensing data with rate R;



Problem description (2/8)

* Denote f;; the flow rate from sensor node i to
sensor node j (b/s)

* Denote f;p the flow rate from sensor node i to
the base station B (b/s)

* Following flow balance constraint at each
sensor node i :

ZE{;.J’L—R—QI vl + s (ieN). (1)



Problem description (3/8)

* Energy consumption model

P =P‘Lu_x, Tri ,f_.“:g Ciijfii +Cipfip (1eN). (2)

— pis the rate of energy consumption for receiving a
unit of data rate

— C;j (or C;p ) is the rate of energy consumption for

transmitting a unit of data rate from node i to
nodej (or the base station B)

— =t + 82Dy, Djjis the distance between

nodes, f; and 5, are constants, « is the path loss
index



Problem description (4/8)

The traveling speed of the WCV is V(m/s)

At a sensor node i, it will spend a time of 7; to
charge the sensor node

Denote U the energy transfer rate of the WCV

After the WCV visits all the sensor nodes, it
will return to its service station, call this
resting period vacation time, denoted as 7



Problem description (5/8)

Meobile WCV

Service Station




Problem description (6/8)

* Denote P = (my, 4, ... Ty, ) the path
traversed by the WCV

* Denote a; the arrival time of the WCV at
sensor node i in the ﬁrst renewable energy

rlD

cycle: ar =7+ 30 T+ 0 (3)
* The cycle time T can be written as
= e T 2 ien Ti - (4)

— Denote D,, the distance of path P, 7, = Dp/V



Problem description (7/8)

* During a renewable cycle, the amount of
charged energy at a sensor node i during
T ; must be equal to the amount of energy

consumed in the cycle:
Tp=1-U (ieN). (3)
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Problem description (8/8)

E;:;(ﬂ--e.) = ki — (ﬂi —T}Pi > FE ..

E;=¢€;21) = eila;+7)— 27 —a; —7;)p;
E — (21 —a; —1)pi (6)

1T

(ieN). (7)
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Optimal traveling path (1/6)

. 1 : . * " '
Theorem 1: In an optimal solution with the maximal —T‘;“;,

the WCV must move along the shortest Hamiltonian cycle that
crosses all the sensor nodes and the service station.

* Denote Drgsp as the total path distance in the
shortest Hamiltonian cycle and T p¢p = DTSP/V

[ ) TTE-]_“ —I_ Tv'cL{‘ + Z'@ZEJUF Tl = T. (8)



Optimal traveling path (2/6)

o OPT

T’u’ i
max —

T

st.  (1),(2),(5),(7),(8)
ff-jtfiB'JTi*. Ty Toues Pi = 0 ('ia.f eN,i = j)

* This problem has both nonlinear objective
(*vac/;) and nonlinear terms (tp; and ; p; ) in
constraints (5) and (7).



Optimal traveling path (3/6)

For nonlinear objective ‘¥2¢/; :

Tac
n\-'a(_'. — = * (9)
T

For (8), divide both sides by 7:
Tlu __I_ L.L-LL _z.gE-"\,,. 1; = L.

ni=— (ieN), (10)
.

1

=

h = (11)

B — 1 — ZiEN' i — 1

(12)



Optimal traveling path (4/6)

® OPT-R

max 7oe

. J#EL | e xkFEL _R e N 15

s.t. Zje_,\rjzj _|_sz Zke -’jkt— 1 ("’ c ) (15)
C Y ovin fri+ S 92n Cijfij + Cipfip — Uni = 0

(i € N) (16)

17 - (1 —m)

(ieN) (17)
f‘ij:fiﬂ:_}ﬂu{]gnirnygcﬂl (2*.}6-/\{13%.})

UTpgp

T.']vﬂr.‘ i: 1 - Zh‘.(—:_f\." Tf}k - F

max min




Optimal traveling path (5/6)

* Piecewise Linear Approximation for mz

y !
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Fig. 3. An illustration of piecewise linear approximation (with m = 4) for
the curve (n;,77), 0 < n; < 1,



Optimal traveling path (6/6)

Construction of a Near-Optimal Solution

.
2.
3.

Given a target performance gap e.

U
L = — =l .
cl m |'¢L:I:'E{J"'.'Iil't"lﬂl?‘f_'&'rmlu}I

Solve problem OPT-L with m *?.Lgmmtq by CPLEX, and obtain its

solution T.J f’iji f’&B ?h '-’?m..n h’m -'l-tk Cz}
Construct a feasible solution ¢ = (fij fiBs Mis Ny, ) for problem

OPT-R by letting fu — f:_j.rr fa? — fzﬂa n; =1 and 7, =
minien{l = S pen Mk — T——op— - i - (1 — %)}

Obtain a near-optimal solution (f;;, fig, T, Ti, Tya.. Pi) 10 problem
OPT by Algorithm 1.




Results (1/3)

* Simulation Settings

— Consider a randomly generated WSN consisting of
50 nodes

— Sensor nodes over a square area of 1 km x 1 km
— The traveling speed of the WCV is V=5 m/s

— Let E,,,4,=10.8KJ, E,;;;;;, = 5.4 K]

— U=5W



Results (2/3)

* |n this optimal cycle,

DTSP=5821 m and TTSP= T Mobile WCV

1000

...................

1164.2 sec
* For the target € =0.01,

...................................................

.....................................................................

_____________________________________________________________________

.......................................................................

'

' ' ' . ' ' ' '

' v ' . ' ' v ' '

[r— ' ' ' ' ' ' v ' '
' ' ' ' ' ' | ' ' '

- =, @ peeesfegscsnasyy jeeecashyresscsepensfsgpecsesayressesspesarengeessesepvececey
' ' ' ' ' . ' '

' ' ' ' ' ' ' ' '

' ' ' ' ' ' ' '

' ' ' |

e 7=17.34 houir,
Tyac=1164.2 sec and
Npac=77.51%

». -

éBase IStationé

500 | T S| SN O - SR S o S W

......................................................................
........................................................................
_____________________________________________________________________

.........................................................................

0 Service Station

500



Results (3/3)

* There exists a bottleneck node in the network
with its energy dropping to E,,,;,, during a
renewable energy cycle

A
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