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Abstract—This paper proposes a minimal contour track-
ing agorithm (MCTA) that reduces energy consumption for
tracking mobile targets in wireless ®nsor networks in terms
of sensing and communication energy consumption. MCTA
conserves energy by letting only a minimum number of sensor
nodes participate in communication and perform sensing for
target tracking. MCT A uses the minimal tracking area based
on the vehicular kinematics. The modeling of target’s kinematics
allows for pruning out part of the tracking area that cannot
be medanically visited by the mobile target within scheduled
time. So, MCTA sends the tracking area information to only
the sensor nodes within minimal tracking area and wakes them
up. Compared to the legacy scheme which uses circle-based
tracking area, our proposed scheme uses lessnumber of sensors
for tracking in both communication and sensing without target
missgng. Through simulation, we show that M CT A outperforms
the drcle-based scheme with about 60% energy saving under
certain ideal situations.

Index Terms—Sensor Network, Target Tracking, Energy,
Tracking Area, Mobile Target, Vehicle, Kinematics, Circle, Con-
tour, Sensing, Communication, Optimization, and Minimization.

|. INTRODUCTION

The energy efficiency is one of the important research issues
in wireless ensor networks dnce it determines the lifetime
of the sensor network deployed for the intended appli cations,
such as environmental monitoring, areasurveill ance, and target
trakking. Espedally, in the target tradking applicaion, the
energy efficiency is the most important fador as it leals to
the longlived target tradking. In the target tradking setting,
an energy-aware target tracking algorithm not only shoud
guarantee the tracking d mobile targets (e.g., enemy tanks
or vehicles), but also shodd maximize the sensor network
lifetime using a minimum number of working sensor nodks.
The tracking area is defined as the possble region where
the mobile target can read from its current position duing
some limited time. The legacgy tradking scheme [1], [2] uses
the drcle-based tradking areafor simplicity. Since the mobile
target, such as vehicle, moves acording to its vehicular
kinematics [3], it is impassble for it to read al the aeaof
the tracking circle. We foundthat we can reduce the number
of working sensor nodes in ead traking areaif we use the
vehicular kinematics that the mobile target moves acording
to. We try to prune out from the tradking circle the most
unlikely region that the target canna visit during some limited

time. This makes the tracking areabe a minimal-sized area
based onthe vehicular kinematics. Only the sensors within the
minimal tradking areawork for target tracking duing some
limited time. Thus, by upditing the minimal tracking area
containing the mobhil e target during the target's trgjecory, the
sensor network based on ou scheme @nsumes less energy
than the legacy scheme based on tracking circle. We cdl our
minimal tracking areathe minimal contour.

Our contributions in this paper are & follows:

o The modeling o traking area based on the vehicular
kinematics. Our tradking contour based on the vehicular
kinematics is used to seled a minimum set of working
sensor nodes for some moment along with the target's
trajedory.

o The optimizaion o tradking contour. We optimize the
tradking contour in terms of energy cost by adjusting the
lifetime of ead contour acmrding to the target’s current
sped.

o The minimizaion o communicaion energy consump-
tion. We use both transmisson pawer control and drec
tional antenna to minimize the number of sensors that
recave the tracking contour information and perform
sensing.

o The onsiderations on measurement errors for mobile
target’'s movement. Since the measurements can have
some arors for vehicle's current position, speed, and
diredion, these measurement errors are cnsidered to
make areasonably larger contour with some confidence
interval.

The rest of this paper is organized as follows. Sedionll
describes the problem formulation for mohil e target trading.
Sedionlll explains the minimal contour tradking algorithm.
This sdion includes the modeling o tradking contour, the
optimization o tradking contour, the minimizaion o com-
munication energy consumption, and the measurement error
handing. In SedionlV, we discuss the implementation issue
for our target tradking algorithm. In SedionV, we show that
our contour scheme outperforms the legacy scheme based on
trading circle throughsimulation. In SedionVI, we compare
our work with the related works. We summarize our work and
shed ou future work in SedionVII.



Il. PROBLEM FORMULATION

We propose an energy-aware target tradking algorithm based
on tradking contour in order to maximize the lifetime of the
sensor network. The tradking contour is constructed based on
the vehicular kinematics, which alows a minimal number of
sensors nea to the target to work in bah communicaion and
sensing.

A. Asaimptions and Definitions

We have afew assumptions as follows:

o The sensing range is a uniform-disk whose radius is 7.

o The communicaion radius is adjustable by controlling
RF transmisson powver [11], [12].

« The RF transmisson angle is adjustable by using drec
tional antenna [13]-{15].

o The locdization scheme is provided for the sensor nodes
in order to find the position, speed, and dredion o the
vehicle & any time [4], [5].

We define four terms as foll ows:

Definition 1. Refresh Time. We define the lifetime of of the
trakking area & refresh time. The old tracing areais replaceal
with the new tracking area acording to the target’s movement
evay refresh time.

Definition 2. Tracking Circle. The tracking circle is the
tradking areawhere the target can visit for its current position
and speal during refresh time. The trading circle’s radius is
the multiplication o target’'s speed and refresh time.

Definition 3. Tracking Contour. The tracking contour is
the traking area where the target can visit for its current
position, spead and dredion duing refresh time, considering
the vehicular kinematics. It prunes out the most unlikely area
from the tracking circle.

Definition 4. Minimal Contour. The minimal contour is a
tradking contour for a given target's geel that allows for the
minimization o energy cost spent for target tradking.

B. Main ldea

Our main ideais to minimize the tracking area used to
determine the neighbaing sensors that participate in target
trakking. The legacy scheme dways uses a tracking circle
surroundng the mobile target that is modeled as a randam
walk. Thoughthis approach is mple, more than a half of the
trakking area based on circle caana be visited by the target
within some limited time [3]. Our scheme uses the vehicular
kinematicsto prune out the most unlikely areawhere the target
canna visit within such small time. Our tracking contour’s
shape dhanges from a drcle to a ontour (e.g., conelike
shape) acording to the target’s movement state (i.e., stopping
state and moving state). Our model for tradking contour is
represented as a polygon approximately including the aea
where the target can read duing refresh time based on the
vehicular kinematics. Figurel shows two traking areas. (@)
Tradking Circle and (b) Tracking Contour. Let p = (z,y) be
the target’s position vedor where z is xz-coordinate and y is
y-coordinate. Let m = (v, §) be the target’s movement vedor
where v is the target's geed and 6 is its diredion. We can
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Fig. 1. Trading Area Tradking Contour versus Trading Circle

seethat the contour’'s areais always the subset of the drcle’s
area So, the antour can alow fewer sensor nodes to track
the target than the drcle; that is, only the sensor nodes within
the contour whose aeais gnaler than the drcle's perform
sensing work, lealing to energy saving.

Figure2 shows the possble trgjedories of the vehicle ac
cording to refresh time where anew contour is generated for
tradkking every refresh time. Let one turning time be the time
that is needed for the vehicle whose speed is v and whose
turning angle is its maximum steeing ange ¢. Figure2(a),
Figure2(b), Figure2(c), and Figure2(d) show the tracking area
for 4 turning time, that of 2 turning time, that of 2 turning
time, and that of one turning time, respedively. The outer
circle in eat figure indicaes the tracking area predicted by
the legacy scheme based on circle. Thus, the tracking area
is determined with refresh time, vehicle speed, and turning
ande. Thus, since only sensor nodes which belong to the
tradking contour smaller than the trading circle need to turn
ontheir sensing and communicaion devices, our scheme based
on traking contour can save more energy than the legacy
scheme based on circle.

C. Design Goals

We have three design gaals to minimize the energy con
sumption for target tracking: (a) the optimizaion o refresh
time for minimal contour, (b) the minimization o comnuni-
cation cost in terms of the number of RF recaving sensors,
and (c) eat sensor’s locdized determination o its warming-
up time and finishing time for sensing.

The refresh time determines the size of contour given the
target's ged; that is, the bigger the refresh time is, the bigger
the contour is. We neeal to use the optimal refresh time that
leads to the minimal energy consumption for target trading.
This refresh time is sleded as an optimal time, considering
all the energy costs for trading, such as communicaion cost,
computation cost, and sensing cost.

The RF transmisson pawer control and dirediond antenna
techndogy are adapted for reducing the communicaion cost.
Because the recaving pover consumption is dominant facor
in energy cost, we shoud reduce it. The RF transmisson
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power control and dredional antennatechndogyall ow to save
receving pover consumption.

When the sensor nodes turn onand turn off their sensing de-
vices can be dedded locdly in order to save their energy with
the target’'s movement information (i.e., pasition and sped),
refresh time and their own pasition. Refer to Sedionlll- F for
detail s.

With the given number of sensor nodes, our objedive is to
maximize the sensor network lifetime to satisfy the following
condtions:

« to guaranteethe target tracking withou missng and

o to use the minimal contour appropriate for the target’'s
sped in terms of the energy cost in bah communicaion
and sensing.

1. MINIMAL CONTOUR TRACKING ALGORITHM (MCTA)

Asaume that the sensor deteding the target can know the
position and spead of the mobile target through the target
locdizaion scheme [4], [5]. We define asensor node dissem-
inating the tradking contour information as root node. When a
sensor plays a role of root node, it broadcasts the movement
information o a mobile target.

Algorithm 1 Per form_Tracking(contour_info)

1. (t,p,v,0) «— Decapsulate_Contour_In formation(contour_in fo)
{decgsulate the contour_info into the target’s movement information}
2. AT «— Lookup_Optimal_Refresh_time(v)
{get the optimal refresh time from a look-up table}
3. S «— Compute_Minimal_Contour_Region(p,v, 0, AT)
{compute the minimal contour’s region with the minimal contour infor-
mation sent from the root node with the contour’s center paosition p, the
target’'s ped v, the target’s diredion angle 6, and the optimal refresh
time AT.}
4: my_position «— Get_My_Position()
{my_position contains the mordinate of the this ensor node (z,y)}
5. flag «— Am_I_Inside_Minimal_Contour(S, my_position)
6: if flag = TRUE then
7. Start_Sensing(t)
{this nsor node warms up its ®nsing devices for sensing}
8. Rebroadcast(contour_in fo)
{rebroadcast the new contour’s information to neighba sensor nodes}
9: end if

When the sensor node recaves the broadcasted message
containing the minima contour information, it determines

whether it belongs to the minima contour or not. If the
sensor is the member of the new contour, it warms up its
sensing devices to prepare for the target tradking and relays
the message to its neighba sensor nodes. Otherwise, it just
relays the message to its neighbas.

This ®dionis organized as foll ows: Sedionlll- A describes
the vehicle's kinematics and formulates the motion process
of the vehicle. Sedionlll-B explains the modeling o tradk-
ing contour based on the vehicular kinematics. Sedionlll-C
discuses how to optimize the refresh time for the minimal
tradking contour. Sedionlll-E suggests how to expand the
tradking contour under measurement errors in the target lo-
cdizaion. Sedionlll- F explains how the minimal contour is
updated acording to the vehicle’'s movement considering the
energy saving related to sensor warming-up time.

A. Modeling o \ehicle Motion

We asaume that the mobil e target is a four-wheded vehicle.
We can define the vehicle motion based on the vehicular
kinematics [3], [9]. Figure3(a) shows the front-end pdnt Py
and the badk-end pdnt P, of the vehicle that is turning right
with steging angle ¢. Asaume that the vehicle's whedbase is
L that is the distance between the front-end pdnt and bad-
end padnt. From the vehicle kinematics [3], we know that the
front-end pdnt Py is moving onthe drcle whose radius is
R and the badk-end pdnt P, is moving onthe drcle whose
radius is Ry like in Figure3(b). Ry and R, can be obtained
by the following equations [3]:

L

Ry = sin(Q) @
L

Ry, = m 2

We use P, for vehicle's position and use Ry, to make aturning
circle. We can model the vehicle motion by a randam vedor
M = (X,Y,0,V,®,V) in R® where (X,Y) is the position
of the vehicle (P,), © isthe orientation (or diredion), V' isthe
spedl, @ is the steaing angle, and V is the accéeration [9].
We ssaumethat the initial state My = (Xo, Yo, ©0, Vo, ®o, Vo)
is a Gausdan randan vedor. Let L be the whedbase of
the vehicle. Let s be the time when the vehicle has © far
moved from its first deteded time. The driving process that
determines the vehicle motion is (®,V). We can compute
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the remaining comporents of M by integrating the following
stochastic differential equations over time ¢ > 0:

dV, = V,dt ©)
Vs
de, = ftan(q))dt 4)
At
where Viiar = VS+/ Vidt and
0
s «— s+ At.

(dXy,dY:) = Vi(cos(Oy), sin(Oy))dt 5)

At
where Viin: = Vi +/ V, dt,
0

At

. Aty
Ospar = O + O dt =04 + / ftan(@) dt,
0

0
and s« s+ At.

We car upcate X, and Y as follows:

At
Xesrnr = X —|—/ Vscos(Oy) dt
0

At

Visin(©s) dt ©)

Yoinr =Y +
0

s«— s+ At

The driving processes @ and V' are Gaussan, satisfying the
following equations:

d(I)t = —Oéq)t dt +o dOt

. 7
dVy = qdB, 0

where (B, C) is a Brownian motion independent of A, such
that (By,Cy) = 0. The mnstants «, o, and ¢ are chosen to
suit particular vehicle motions.

We can consider the vehicle’'s badkward motion. That is,
when the vehicle stops, it can move badkward. In this case,
we can regard the vehicle's backward motion to be the same
as the forward motion since it has the same motion equations
abowe.

B. Modeling o Tracking Contour

We car make atradking contour using the vehicular kine-
matics discussd in Sedionlll- A. Let (X, Yy) be the target’s
current position, © be thetarget'sdiredion, and V; betarget’s
speed. Let AT berefreshtime. Let (Xar, Yar) bethetarget's
position after AT'. We divide target movement into threekinds:
(a) Straight movement, (b) Left turning, and (c) Right turning.
We can make apaygonrepresenting the tracking contour with
the three styles of movement. Figure4 shows the procedure
constructing the trading contour. The straight movement gives
two pants in like Figure4(a). The first paoint is the target's
current position (X, Yp). Theseoond (X ar, Yar) isthe point
away from (Xo,Ys) by the distance that the target can go
with its current speed and maximum accéeration. The point
(Xar,Yar) can be obtained from Eq. 5. Like in Figure4(b),
the left points can be obtained from Eq.5 by changing the
steaing angle from 0 to maximum steeing angle discretely
to the left. In the same way, the right points can be obtained
by changing the steaing angle from 0 to maximum steaing
angle discretely to the right. The obtained pants construct a
polygonlike Figure4(d). This polygonis used by eat sensor
to determine whether it shoud work for tradking. Only the
sensors inside the polygon work, and ather sensors continue
to be idle. The inside dheding is dore by Ray Crossngs
algorithm [7].

When the refresh time is lessthan ore turning time of the
target, the tradking contour guarantees the tradking o the
moving target withou missng. Since the tracking contour
covers al the posdble aea visited by the mobile target, it
guarantees the no-missng tracking. But when the refresh time
is bigger than ore turning time, it is very hard to represent a
tradking contour lessthan the tradking circle. In fad, in most
cases, as the optimal refresh time is lessthan ore turning time
throughthe optimizaion o refresh time, we need na worry
abou the cae wherethe refresh timeis bigger than oreturning
time. Besides, the fast moving target canna make asharp turn
to the left or to the right with its maximum steeing angle since
the maximum turning makes the target be overturned.
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C. Optimization o Refresh Time for Minimal Contour

We ned to use an optimal refresh time to let the contour-
based tradking consume the minimum energy for target track-
ing. In this dion, we shows how to optimizethe refresh time
acording to the target’s current speed.

Tablel shows the notation of parameters used in this paper.
The power consumption rates come from the Micathat is one
of Berkeley Motes [10]. Let n be the number of minimal

TABLE |
NOTATION OF PARAMETERS
Parameter | Description
AT Refresh time: unit is [sed
v Mobile target's gpeed: unit is [m/sed
Pmaz Maximum steging angle: 25°
1) Steeing andle (or turning angle): unit is [°]
d Average trgjedory distance which is used to find
out an ogtimal refresh time AT unit is [m]
p Sensor density that is the average number of
sensor nodes per 1 m?2 in the surveillance field
s unitis [1/m?]
n Number of minima contours
R Maximum communication range: 75m]

Py Energy cost of RF transmitting per sewond

21mw]
Pry Energy cost of RF recéving per seoond 15mw]
Peomp Energy cost of computation per semnd 16.5[mW]
Pwarm Energy cost of warming-up time for preparing
sensing devices in ead sensor noce per seamnd
15mw]

Pyork Energy cost of running sensing cevices in eah
sensor nock per semnd 10{mw]

Eiotal Total energy cost: unit is [mJ]

Tix Time st of RF transmitting per hop for dissem-
inating the minimal contour information: 0.2[sed

Tra Time st of RF recaving per hop for receving

the minimal contour information: 0.1[sed

Teomp Time aost of computation in a roct sensor node
for determining the minimal contour information:
0.02[seqd

Twarm Time st of warming-up time for preparing sens-
ing devices in eah sensor nocke: 0.1]sed

Tsense Time st of minimum working time for sensing
mobile target in ead sensor node: 0.5[sed

Twork Time st of working time for sensing mobhile
target in ead sensor noce during the minima
contour’s lifetime: unit is [sed

Tiotal Total time cost: unit is [sed

contours used for tracking gven a target trgjedory. Let m
be the estimated number of sensor nodes per minimal contour
given the sensor noce density per unit area(i.e., p). The total
energy cost E;.iq; iS the sum of all the operations required
for tradking as foll ows:

Etotal :(PcompTcomp + PwarmTwarm + PworkTsense

+ PworkTwork)mn + Ptthmn + PrmTrmnpﬂ'RQ
)

To optimize the refresh time AT minimizing the overall
required energy for tracking a mobile target, we neel to
consider the following. Since the adual trajedory of a mobile
target is unknovn, we caana see the number of minimal
contoursrequired for tradking the target within the surveill ance
field. So, we need to minimizethe size of the minimal contour
that is closely related to the energy spent during the general
target trackking where the target has diredional movement
rather than random walk. For the reliable tradking, the refresh
time AT shoud be no less than the sum of computation
time, RF transmitting time, warming-up time, and minimum
working time & foll ows:

AT Z Ttw + Tcomp + Twarm —"_ TSE”LSE (9)

The shape of the minimal contour is a function of AT, v, and
Dmaz 8S follows:

S= f(AT,’U, (bmam)

Let d be an average target trgjecory distance used to find
out an optimal refresh time AT. We need to optimize At
to minimize the total energy spent for the target trading for
the average trgjedory distance that is, we can formulate our
problem as foll ows:

(10

AT «— arg min Total_Energy(t,v,d, dmaz) (11

teR+

d

where Ttm + Tcomp + Twarm + Tsense <t S
(%

In order to compute the total energy function T'otal_Energy
of (t,v,d, pmaz), We ned to find the minimal contour’s shape
S correspondng to ¢ by Eg.10. Next, we find the average
number of sensor nodes given S and the sensor deployment
distribution, such as a uniform distribution with m sensor
nodes. Asauume that a vehicle with whedbase L can turn with
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steaing angle ¢ with speed v. Figure4(d) shows a minimal
contour’'s shape & a poygonwhere v = 30 [km/h], L = 2.8
[m], and ¢yae = 25°.

Algorithm?2 computes the optimal refresh time given the
target's ea v, average trgjedory distance d, and sensor
density p by using the one-dimensional optimization, such
as Golden Sedion Search algorithm with parabdic interpo-
lation [6]. Note that there ae many locd minimums in the

Algorithm 2 Find_Optimal_Refresh_Time(v,d, p)

1 Thin < Tta + Tcomp + Twarm + Tsense
{minimum time needed for minimal contour guaranteeéng nomissng o
vehicle}

2 Trnaz — d/v
{minimum maximum time to cover the average trgjedory distance by ore
minimal contour }

3. AT «— Searching(v,d, p, Tmin, Tmaz)
{perform a seaching agorithm to find ou a refresh time having a global
minimum energy cost within the given range (Tyin , Tmax) }

4: return AT
{AT is the optimal refresh time}

refresh time optimization like in Figure5. The used searching
algorithm shoud find ou the global optimum among these
locd minimums. Note that the smallest contour made by the
smallest alowable refresh time is not aways the minimal
contour in terms of energy cost. In Figure5, abou 1.305sed
is the optimal refresh time.

Algorithm3 computes the total energy consumed for
trakking dven speed v, refresh time ¢, average trajec
tory distance d, and sensor density p by Eg.8. Functions
Compute_Contour_Polygon() and Polygon_Area() are
cdled to get the paygonapproximating to the aurrent contour

Algorithm 3 Compute_Total_Enery(v,t,d, p)
1 n«— [d/(vt)]
{[z] is the cdling function o =}
2. [X,Y] <« Compute_Contour_Polygon (v, t)
{this function returns the X and Y vedors representing the polygon
approximating to the contour determined by v and ¢ dong with the
maximum steging angle ¢maz }
3. a <« Polygon_Area(X,Y)
{this function returns the area of the paygon represented by X and Y’
vedors}
4 m — [ap|
{m is the estimated number of sensors per unit area(i.e., 1m?)}
5: Etotal — (PcompTcomp + PwarmTwa'rm + PworkTsense +
PyorkTwork)mn + PipTign + PryTranpn R?
{E¢otq; is computed with Eq. 8}
6: return Eioiqr
{E¢otq; is the total energy needed given refresh time ¢}

and to compute the aeaof the contour palygon respedively
[7].

Figure6 shows the optimal refresh time acording to the
vehicle's peal v and average trajedory distance d where the
optimization o refresh time is dore. Through Figure6, we
can seethat the optimal refresh time is dominantly affeced
by the vehicle's pedl, nat the arerage trgjedory distance In
MCTA, the optimal refresh time is chosen for a given vehicle
spead from this graph that is gored as aform of look-uptable.

D. Minimization of Comnunication Cost

Since the communication cost is dominant fador in energy
consumption in the target trading, it is worthy to find ou
how to reduce such cost in ou contour solution. Figure7
shows the communication areafor diseminating the contour
information to the neighbaing sensors. Figure7(a) shows the
communicaionareamade by full transmisson pawer. It shows
three aeas for tracking: (a) the communication circle whose
radius is RF communication range, (b) the tracking contour,
and (c) the tracing circle.

For the diredional antenna for dirediona transmisson, the
root sensor sends the contour information orly towards the
sensors belongng to the aurrent contour. The communication
area ca be reduced from the communication circle of Fig-
ure7(a) to the communicaion cone of Figure7(b). Through
this diredional transmisson, we can modify the energy cost
function of Eq.8 as follows:

Etotal :(PcompTcomp + PwarmTwarm + PworkTsense

+ PworkTwork)mn + PtmTtmn (12)

D
+ Py Trpnp(mR?) —
2w

where D isthe angle of dirediona transmissonin radians. D
is sleded as a value that can include our contour. The trans-
misgon areais the mne whose radius is the communicdion
range and the internal angleis D. Thus, we can reducethe RF
recaving cost by reducing the number of receving sensors by

— £ times, that is, from p(7R?) to p(rR*)£.

We can minimize the communication cost by letting orly
the sensors within the tradking contour receve the contour
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information. For this purpose, we adopt the transmisson (Tx)
power control [11], [12] and dredional antenna[13]-{15]. As
a result, the communicaion cone in Figure7(b) is reduced to
the minimal communication cone likein Figure7(c). Thus, the
energy cost function can be modified as foll ows:

Etotal :(PcompTcomp + PwarmTwarm + PworkTsense
+ PworkTwork)mn + PtmTtmn

D
+ Pmenp(w(vAT)g)%

(13

Finally, the gain of communicaion energy savingis from Eq.8
to Eq.13:

D
2= 14
277] (14)
for R > vAT. Note that in the aowve formulas, we ignared
another gain oktained from Tx power reduction for shorter
communicaion range for simplicity.

G Pmenpw[ — (vAT)

E. Handing o Measurement Errors for Target Locali zation

The target locdizaion is used to locae the most likely
position o the mobile target with several sensor nodes that
deteded the mobile target at the same time [4], [5]. In order
to estimate the mobil e target’s diredion and speed, more than
two locdi zaions are needed where ead locdizaion provides
apair of the time and target position. We have sssumed so far
that the locdi zaion is performed to give these target’s current
position, spead and dredion. However, in redity, since there
are measurement errors in every locdizaion scheme, we ned
to consider them to make amore redistic tradking contour.

These measurement errors can be modeled as noises that
are Gaussan random variables [9]. The minimal contour can
be expanded to guarantee @ntaining the tradked target within
the user-defined confidence interval such as 90%.

Let (X;,Y;:, ©) be the adual target movement vedor where
X, is x-coordinate, Y; y-coordinate, and © diredion. Let
(X¢,Y;,0;) be ameasurement of target movement where X,
is the measured x-coordinate, Y; the measured y-coordinate,

X Coordinate [m]

(b) Communicaion Cone by Tx Power Con-

50 100 “=1oo -50 0 50 100
X Coordinate [m]

() Minima Communicaion Cone by bah
Tx Power Control and Dirediona Antenna

Communication Areafor Contour Information Dissemination

and O, the measured diredion. We ca seethat this measure-
ment has noise terms as foll ows:

X=X +e,
Y, =Y, + €y (15
ét = 615 + €9

where ¢, is a Gausdan randam variable with N (., 02), €,

with N(py,02), and eg with N(ug,03). Asume that the
user-defined confidence interval is p. Let &, be the offset
from p, satisfying the corfidence interval p. Let &, be the
offset from p,, satisfying the confidence interval p. Let & be
the offset from py satisfying the confidence interval p. We
will explain the cnstruction procedure of tradking contour
under measurement errors with Figure8. First of all, like in
Figure8(a), we make a basic tracking contour acwrding to
Sedionlll- B. Next, like in Figure8(b), we make four worst-
case mntours considering ¢, and ¢, adong with &, and &,.
Next, like in Figure8(c), we merge these five contours into
a oonvex hull. Next, considering the diredion error like in
Figure8(d), we rotate this convex hull to the left by ¢y + &
and also rotate this convex hull to the right by ey + &. These
three onvex hulls are merged into a bigger convex hull li ke
in Figure8(e) using Graham's Algorithm [7]. This one is our
final tracking contour. It is gill smaller than the tracing circle
considering the same measurement errors like in Figure8(f).
Note that for the speed measurement error, we just use the
gredest speed correspondng to the given confidence interval
in the same way as the position error and dredion error.

F. Updae of Minimal Contour

The minimal contour foll ows the target’s movement chang-
ing its refresh time based on the target's gpeed. The optimal
contour size is aso determined by the average tragjedory
distance used for the optimizaion o refresh time given the
target's geal. So, we need to maintain the constant contour
shape by changing the refresh time acording to the target's
current speed with the arerage trajedory distance of the targets
observed so far. We can see that the refresh time means the
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lifetime of the aurrent contour when the sensors within it
shoud continue to work for sensing the target.

Let T},:, be the minimum overhead time to prepare for a
new contour in the aurrent contour that is the lower boundfor
the refreshtime AT asin Eq. 9; that is, Tin = Tie +Teomp+
Twarm + Tsense- Before the target leaves the aurrent contour,
the next contour is prepared. That is, if some sensor that
deteds the target the overhead time T,,;,, before the contour’s
lifetime AT expires, it broadcasts the target’'s position and
movement information to its neighba sensors. The neighba
sensors determine whether they will participate in sensing by
performing Algorithm1 or not. When the aurrent contour’s
refresh time AT expires, the sensors turn off their sensing
devices except for the sensors that continue to belong to the
next contour.

The starting time of sensing devices is determined con-
sidering the movement information message's timestamp and
the sensor devices' warming-up time. Tablell shows the time
variables nealed to compute the warming-up starting time of
sensing devices. We can get the warming-up starting time ¢
as follows:

to =t1 + (D1 — Twarm) (16)

where t; is the timestamp of the contour information message
broadcasted by the aurrent contour’'s root node, D, is the tar-
get’s expeded travel time from the root node to the computing
sensor node, and T, 1S the sensing warm-up time.

IV. DISCUSSON

A. Computation o Tracking Contour along with Optimal
Refresh Time

The complex computation related to optimal refresh time is
dore by some powerful sink noce outside the sensor network.
A table is constructed to have pairs of vehicle speed and cor-
respondng optimal refresh time. Ancther table has polygors

TABLE I
TIME VARIABLES FOR COMPUTATION OF WARMING-UP TIME
Parameter | Description
t1 Time when the mntour information was broad-
casted by the root noce
to Time when the sensor noce starts the warming-up
of its ®nsing devices
t3 Time when the sensing cevices dart the adual
sensing
Twarm Time neeaded for warming-up sensing cevices in
sensor node
Dy Time nealed so that the target can read the sensor
nock ealiest [17)]; that is, D1 = /v wherel isthe
Euclidean distance between the target's darting
position in the aurrent contour and the sensor’s
position and v is the target's ged
Do Time difference between ¢, and to; that is, Dy =
to — t1

for tradking contour acmrding to the pair of vehicle speed and
optimal refresh time. These two tables are disseminated to the
sensors in the sensor network, which are used for our target
trakking agorithm in a distributed computing manner. So,
since the expensive computation is dore in the sink nodkg, the
computation cost in ead sensor is not so high in comparison
with circle-based tracing algorithm.

B. On-line Clasdfication for Mobile Target

By observing the motion o the tradked target, such as the
gredest turning angle so far, we can figure out a more gpro-
priate motion process used for constructing a more optimal
contour as in Sedionlll- A. That is, we can use the acarate
vehicle motion processacardingto the estimated vehicle type,
such as two-wheded vehicle, tricycle, four-wheded vehicle,
Reealds-Shepp car, and Dubins car [3].

V. PERFORMANCE EVALUATION

We model the sensor network including sensor and vehicle
on the basis of SMPL simulation model along with Matlab
where SMPL is one of the discrete event driven simulators

(8], [16].
A. Smulation Analysis

We define the sensor network lifetime & the time until
at least one sensor node among the sensor nodes on the
surveillance field dies due to the energy exhaustion.

The simulation environment is as follows:



TABLE 11l

MEASUREMENT OF NUMBER OF SENSING SENSORS

Metric Contour (X;) | Circle (Yz) | Ratio
Area 24.1[m?] 137.8[m?] 0.18
Ezpectation(E) 17 44 0.39
Variance(Var) 35.6 545 0.65
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501 [<] Q
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e 10,000 sensor nodes are uniformly deployed in the
surveill ance field of 500dm] x 50 m].

o The radius of communicdionis 75[m].

o Thevehicle's ged is 30 km/h] and its maximum turning
angle is 25°.

We simulated to knaw the number of sensing sensor nodes, the
number of recaving sensor nodes, and the aumulative energy
consumption acording to the vehicle's movement with the
trackking circle and tradking contour, respedively. Figure10
shows these threekinds of performance mmparison. Let X; be
the number of working sensor nodes at time ¢t for the contour
based scheme and Y; be that at time ¢ for the drcle based
scheme. Let F[X;] be the average number of working sensor
nodes for the contour based scheme and E[Y;] be that for
for the drcle based scheme. Let Var[X;] and Var[Y;] be
the variances of X; and Y;, respedively. Tablelll shows the
comparison between two tradking schemes in terms of of the
number of sensing sensor nodes in our simulation scenario.
We can seethat the ratio of the expeaed number of working
(i.e., sensing) sensor nodes in contour based scheme to that
in circle based scheme is abou 0.25 time, equal to the aea
ratio (0.18) where the contour’s areais 24.14{m?| and circle's
areais 137.78/m?|. Therefore, we can conclude that we can
reduce the number of working sensor nodes with our minimal
contour scheme, maximizing the sensor network lifetime. Note
that in Figure10(a), the number of sensing sensors at the first
refresh time is the same in two schemes. The reason is that
the tradkking contour canna have enoughinformation for the
vehicle's movement at first, so shoud use the tracing circle.

The aumulative energy consumptions for two schemes are
shown in TablelV. When we do nd use both RF transmisson
power control and dredional antenna, the performanceratio of
two tracking schemesisonly 0.71; that is, the tradking contour
can improve only 29% of the tradking circle’s performance
Thereasonis that though 2846 of sensorsin trakingcircle ae
used in tradking contour, the communicaion cost that is the
major fador in energy cost is the same in two schemes from
Eq. 8. To improve the performancein terms of energy cost, we
need to use the RF transmisson power control and dredional
antenna discused in Sedionlll- D. Like in Figure1Q(b), we
can reduce alarge number of recaving sensor nodes with
both tradking contour and two communicaion techndogies.
The tradking contour with two techndogies can improve ebout
61% of the trading circle that also uses the RF transmisson
power control. Note that it is goodto use the tradking contour
only with the RF transmisson powver control and withou the
diredional antenna since it till brings the improvement of
56%.
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Performance Comparison between Tradking Circle and Trading

TABLE IV

COMPARISON OF CUMULATIVE ENERGY CONSUMPTION

Method Contour Circle
Maximum Transmisson Range
(i.e., Full Power) 94166m.J 131770m.J]
Diredional Antenna 42800m.J N/A
RF Tx Power Control 29438m.J 67049m.J]
RF Tx Power Cortrol and
Diredional Antenna 25988mJ] N/A




VI. RELATED WORK

Aljadhai et a. proposed a resource dl ocation scheme based
on predictive mohility in mobile wireless environments [17].
In their paper, the diredionality probability was introduced to
determine which cdl the mobhile target will visit next. The
cdl on the diredion from the previous cdl to the arrent cdl
is regarded as the most likely visited cdl. Their scheme can
be used for resource dlocaion in cdlular networks having
user's mobility profile, but canna be used for the tracing
of a mobile target whose mohility profile is unknawvn in the
wireless #nsor network. On the other hand, since our scheme
considers al the posshle tradking area where the mohile
target can visit mechanicdly after some time, it guarantees the
reliable tracking d the mobil e target, such as vehicle, withou
its mobility profile.

Since the papers of [1], [2] model the mobile target as
randam walk, the mobile target can take any diredion from
the aurrent paosition since the vehicle kinematics are ignared.
So, the aea where the mobhile target canna visit for some
time belongs to the tracking area On the other hand, since
our scheme models the mobil e target’s movement based on
the vehicular kinematics [3], only the aeawhere the mobile
target can visit mechanicdly belongs to the traking area As
aresult, we can reduce the number of working sensor nodesin
ead traking area cdled the minimal contour for the energy
efficiency. While the tracing algorithms in [1], [2] focus on
the optimization o the reconfiguration of data mlledion tree
for target tradking, this optimizaionfor treereconfigurationis
out of scope in our paper. Their tradking algorithms can adopt
our tracking contour in their tracking algorithm to reduce the
number of working sensors.

The RF transmisson power corntrol is not only used to
determine the neighbaing sensor nodes that can hea the
padet, but also to reduce the communicaion cost among
clustered sensor nodes [11], [12]. In ou tracing algorithm,
the transmisson paver control not only can al ow the number
of RF recaving sensor nodes to be minimized, but also can
reduce the transmit power for shorter transmisson radius.
The dirediond antenna techndogy is used for mobile a
hoc networks including sensor networks for the parallel com-
munication in MAC protocol level [13]-{15]. Our tracking
algorithm uses the diredional antenna in order to reduce the
number of RF recaving sensors.

VII. CONCLUSION

In this paper, we suggested a target trading algorithm
MCT A using minimal tracking area cdled tracking contour
that is based on the vehicular kinematics. M CT A minimizes
the number of working sensor nodes in terms of the com-
munication and sensing energy cost during the mobil e target’'s
trajedory. We showed that the ratio of tracking contour’swork-
ing sensor number to tradking circle’'s working sensor number
is propationa to the ratio of the tradking contour’s areato
tradking circle’'s area This indicates that the reduction d the
tradking arealeads to the communication and sensing energy
saving. We optimize the refresh time for minimal contour

acordingto the vehicle aurrent speed. Also, in order to reduce
the dissemination o tradking contour information within the
tradking contour, we used the RF transmisson pawer control
and dirediond antenna lealing to the minimizaion o the
number of RF recaving sensors. As our future work, we will
implement our tracking algorithm in red sensor nodes (e.g.,
Mica[10Q]) and test it in our indoa testbed.
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