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Abstract—Adequate coverage is very important for sen- of a mobile sensor is the Robomote [26]. These sensors
sor networks to fulfill the issued sensing tasks. In many gre smaller than 0.00004# and cost less thats0 dol-
working environments, it is necessary to make use of mo- |5rg.

bile sensors, which can move to the correct places to provide Most previous research efforts on deploying mobile
the required coverage. In this paper, we study the problem o\ "6 hased on centralized approaches. For exam-

of placing mobile sensors to get high coverage. Based on le. th Kin 130 that ful cluster head
Voronoi diagrams, we design two sets of distributed proto- pe, .e work in [30] assumes that a p°_W9f ul cluster e.a

communication and one favoring movement. In each set of the target locations of the mobile sensors. However, in
protocols, we use Voronoi diagrams to detect coverage holesmany sensor deployment environments such as disaster
and use one of three algorithms to calculate the target loca- greas and battle fields, a central server may not be avail-
tions of sensors if holes exist. Simulation results show the gpje. |t may also be hard to organize sensors into clusters
effectiveness of our protocols and give insight on choosing ¢ 14 network partitions. Further, centralized approaches
protocols and calculation algorithms under different appli- introduce a sinale boint of failure. Sensor deplovment has
cation requirements and working conditions. giep ) . . ploy
also been addressed in the field of robotics [12], where
Index Terms—Mobile Sensor Networks, Sensor Cover- sensors are deployed iteratively one by one, utilizing the

age, Distributed Algorithm location information obtained from the previous deploy-
ment. Since sensors are deployed one by one, the deploy-
. INTRODUCTION ment time is very long which can significantly increase

Wireless sensor networks can greatly enhance our tlae network initialization time.
pability to monitor and control the physical environment. In this paper, we propose two sets of distributed proto-
Sensor networks are revolutionizing the traditional metlels for controlling the movement of sensors to achieve
ods of data collection, bridging the gap between the phytarget coverage:basic protocolsand virtual movement
ical world and the virtual information world [11], [15], protocols In the basic protocols, sensors move iteratively,
[24], [28]. Sensor nodes must be deployed appropriatedyentually reaching the final destination. In each iteration,
to reach an adequate coverage level for the successieihsors detect coverage holes using a Voronoi diagram. If
completion of the issued sensing tasks [5], [21]. holes exist, they calculate the target locations to heal the

In many potential working environments, such as réwoles and move. In the virtual movement protocols, sen-
mote harsh fields, disaster areas and toxic urban regiosss do not perform iterative physical movement. Instead,
sensor deployment cannot be performed manually. &éter calculating the target locations, sensors move virtu-
scatter sensors by aircraft is one possible solution. Hoally, and exchange these new virtual locations with the
ever, using this technique, the actual landing positiosensors which would be their neighbors if they had ac-
cannot be controlled because of the existence of wind awdlly moved. The real movement only occurs when the
obstacles, such as trees and buildings. Consequently, gbenmunication cost to reach their logical neighbors is too
coverage may be inferior to the application requirementtggh or when they determine their final destinations.
no matter how many sensors are dropped. Moreover, inin both the basic and virtual movement protocols, three
many cases, such as during in-building toxic-leaks [12|gorithms, VEC, VOR, and Minimax, are proposed to
[13], chemical sensors must be placed inside a buildireglculate the target locations if coverage holes exist. In
from the outside. In these scenarios, it is necessaryM&C, sensors move away from a dense area; in VOR,
make use of mobile sensors, which can move to the cgensors migrate towards holes; in Minimax, sensors also
rect places to provide the required coverage. One exampleve towards holes, but more conservatively with the



consideration of not generating new holes. Simulation retrength of the signals generated at the source, the dis-
sults show that our distributed protocols are effective tance between the source and the sensor, the attenuation
terms of coverage, deployment time and movement. rate in propagation, and the desired confidence level of
The rest of the paper is organized as follows. Sectiondénsing. Let us consider an application [8] in which a
introduces some preliminaries. In section lll, we presenetwork of acoustic sensors is deployed for detecting mo-
the basic self-deployment protocols and in section IV, wale vehicles. Due to signal attenuation, sensors closer
present the virtual movement protocols. Section V evalte a vehicle can detect higher strength of acoustic signals
ates the performance of the proposed protocols. Basedtloan sensors farther away from the vehicle, and thus have
the simulation results, we justify our design and discussgher confidence for detecting the vehicle. Therefore,
future work in Section VI. given a confidence level, we can derive a sensing range
surrounding each sensor. In this paper, we only consider
the isotropic sensing models. Each sensor node is associ-
ated with a sensing area which is represented by a circle
with the same radius. This is a common assumption when
Location awareness is important for wireless sensopmparing algorithms for sensing coverage [20], [21].
networks since many applications such as environment
monitoring and target tracking depend on knowing the lo-
cations of sensor nodes. Due to the ad hoc nature of slthVoronoi Diagram
networks, each node must determine its location throughthe \oronoi diagram [4], [9] is an important data
alocation discovery process. For outdoor systems, GloRgh,cture in computational geometry. It represents the
Positioning System (GPS) [3] is one method for this pupyoximity information about a set of geometric nodes.
pose. GPS may not be cost effective or work well indoorgne \oronoi diagram of a collection of nodes partitions
Many techniques have been proposed to enable eggh space into polygons. Every point in a given poly-
node to determine its location indoors with only Iimite%On is closer to the node in this polygon than to any
communication with nearby nodes. Most of these metBner node. Figure 1(a) is an example of the Voronoi
ods exploit received signal strength [22], time differencgagram, and Figure 1(b) is an example of a \Voronoi
of arrival of two different signals [25], and angle of arpglygon.  We define the Voronoi polygon of, as
rival [7]. Hu et al. [14] have provided detailed discussiogy  — () £,), whereV, is the set of Voronoi ver-
of these techniques. In the subsequent discussions of {igs of ), and &, is the set of Voronoi edges. As
paper, we assume that sensor nodes know their locatioBfown in Figure 1(b)V, = {Vi,Va, V3, Vi, Vs }, and
50 = {V1V2, VQVg, V3V4, V4V5, V5V1} We USE/\/O to de-
B. Path Planning note the set of Voronoi neighbors gf. In Figure 1(b),

In systems that exploit mobile sensors, finding paths M = t{_sl’l ’EQ.’ 53’ts4’ S5f}£h Tlhe Voronoi edggts Sﬁo are
which these mobile sensors can move to desiring destilllgg Vhet; icatbisec grs. 0 e: 'E.e patsswtgan Its voronol
tions, especially when there exist obstacles in the field,N§'INPOrS, €911 V5 IS s9s1'S bisector. ,
an important problem. The problem has been studied inOur sensor deployr_nen_t protocols are based on Voronoi
the area of robotics [6], [17]. Recently, Li et al. [18] stugdiagrams. As shown in Figure 1, each sensor, represented
ied the problem in sensor networks. They combined tR¥ @ number, is enclosed by a Voronoi polygon. These
above methods to find the best motion path, and modifiBﬁIygons together cover the target f'eld,' T_he pO.IntS inside
them to exploit the distributed nature of sensor network2€ polygon are clos_e_r fo the sensor |n3|de. this polygon
In this paper, we do not study this problem further; we athan the sensors positioned elsewhere_. If this sensor can-
sume that mobile sensors can move to any location wh&d detect the expected phenomenon in its Voronoi poly-

they are asked to move based on the existing techniqu@@n: N0 other sensor can detect it. Therefore, to exam-
We comment more on the impact of this assumption |pe coverage holes, each sensor only needs to check its
Section V-B own Voronoi polygon. If its sensing area cannot cover the

polygon, there are some coverage holes.

To construct the Voronoi polygon, sensors first calcu-
late the bisectors of their neighbors and themselves. These
Each type of sensor has its unique sensing model chiisectors (and possibly the boundary of the target field)
acterized by its sensing area, resolution and accurafmrm several polygons. The smallest polygon encircling

The sensing area depends on multiple factors such asttieesensor is the Voronoi polygon of this sensor.

Il. PRELIMINARIES
A. Localization Techniques

C. Sensing Model



sensors to the center of their Voronoi polygon. Termina-
tion conditions are defined for each algorithm.

A. The VECtor-based Algorithm(VEC)

VEC is motivated by the attributes of electro-magnetic
particles: when two electro-magnetic particles are too
close to each other, an expelling force pushes them apart.
Assumed(s;, sj) is the distance between sensgrand
Sensors;. dq. is the average distance between two sen-
sors when the sensors are evenly distributed in the target
area, which can be calculated beforehand since the tar-
get area and the number of sensors to be deployed are
known. The virtual force between two senseysands;
will push them to movedg,. — d(s;, s;))/2 away from
each other. In case one sensor covers its Voronoi polygon
completely and should not move, the other sensor will be
pusheddq,. — d(s;,s;) away. In summary, the virtual
force will push the sensor,,. away from each other if
coverage hole exists in either of their Voronoi polygons.
The virtual force exerted by, on s; is denoted ag;,
with the direction froms; to s;.

(b) Voronoi polygonGy of sg

Figure 1. Voronoi diagram In addition to the virtual forces generated by sensors,
the field boundary also exert forces, denotedaso push
E. Sensing Range versus Communication Range sensors too close to the boundary inward. exerted on

gy Will push it to moved,,. /2 — dy(si), whereds(s; ) is

In a distributed case, sensors can exchange the Iot gist £ to the bound Si is th
tion information by broadcasting. It is possible that somg'e istance of; to the boundary. Sincé is the aver-

Voronoi neighbors of a sensor are out of its communic ge distance between sensalg. /2 is the distance from

tion range, and consequently, the calculated polygont boundary to the sensors closest to it when sensors are

this sensor is not accurate. If the sensing range is mu%‘ﬁ?_ﬂly f(_j|st|r |buted|.| ; is th ¢
shorter than the communication range, then the inaccurate i 'n? olvfera or];ce or:hserl;sorsdls € V§C I(I)rvsumm_a-
construction of Voronoi cell will not affect the detection of O ©! Virtual forces from the boundary and all voronol

coverage holes. This is because, if Voronoi neighbors ¢ eighbors. These virtual forces will push sensors from the
not reach each other by direct communication, their di ensely covered area to the sparsely covered area. Thus,

tance is large enough that there is a coverage hole. Ifco}41EC s a “proactive” algorithm, which tries to relocate

munication range is similar to the sensing range, sens Fg1S0rs to be evenly distributed. .
As an enhancement, we addnzovement-adjustment

may mis-detect coverage holes. We describe our heu%%heme to reduce the errorwftual-force When a sensor
cfetermines its target location, it checks whether the local
coverage will be increased by its movement. The local
coverage is defined as the coverage of the local Voronoi
Ill. THE BASIC DEPLOYMENT PROTOCOLS polygon and can be calculated by the intersection of the
Our deployment protocol runs iteratively. In eaclpolygon and the sensing circle. If the local coverage is
round, sensors first broadcast their locations and constroot increased, the sensor should not move to the target lo-
their Voronoi polygons based on the received neighbor ioation. Although the general direction of the movement
formation. Sensors then determine the existence of cas-correct, the local coverage may not be increased be-
erage holes by examining their Voronoi polygons. If angause the target location is too far away. To address this
hole exists, sensors calculate where to move to elimingblem, the sensor will choose the midpoinBgd point
or reduce the size of the coverage hole. Three algorithimstween its target location and its current location as its
are proposed to calculate the target locations: \BlE€hes new target location. If the local coverage is increased at
sensors away from a densely covered area; fidi’s the new target location, the sensor will move; otherwise,
sensors to the sparsely covered area; and Minimax moitasill stay.

polygons in Section Il



Notations:
Ni, Gy, Fij, Fy, daye: defined before
¢;: whetherG; is completely covered
¥ moving vector ofs;
(1) Upon entering Discovery phase:
(1.1) settimer to bediscovery_interval
enterMoving phaseaipon timeout
(1.2) broadcastello after a random time slot
(2) Upon entering Moving phase:
(2.1) settimer to bemoving_interval,
enterDiscovery phasapon timeout
(2.2)if ¢; = false then
call VEC() /* call VOR and Minimax
in other protocols:/
(2.3) Done when satisfying stop criteria
(3) Upon receiving aello message from sensey: S
(3.1) UpdateV; andG; “ A
(3.2)if G; is newly coveredhen
setc; = true
BroadcasOK /x only for VEC %/

Op

0S

Figure 5. Inaccurate Voronoi polygon

/* The following is only forV EC,
and will be replaced in VOR and Minimasy/
(4) Upon receiving al) K message from sensey:
(4.1) setc; = true
(5) VEC()
(5.1)7;, =0
(5.2)for eachs; in \V;
if (¢j # true) A (dgve > d(s;,sj)) then
|Fij| = (dave —d(si,57))/2: G = 0+ F

Voronoi vertex (denoted aiy,,), and stop when the far-
thest Voronoi vertex can be covered. Same as VEC, in
VOR, a sensor needs only to check its own Voronoi poly-
gon. Figure 4 illustrates VOR. Poird is the farthest
Voronoi vertex ofsy, andd(A, sg) is longer than the sens-
ing range. To heal the holsy, moves along linesp A to
Point B, wherel( A, B) is equal to the sensing range.

We limit the maximum moving distance to be at most
half of the communication range minus the sensing range

to avoid the situation shown in Figure 5, in whighis not
aware of the existence afi because of communication
limitations. Whens, does not knowsy, it will calculate

its local Voronoi polygon as the dotted one and view the
area aroundd as a coverage hole. H, moves toward
point A and stops at a distancg€ A, B) (sensing range),
apparentlys, has moved more than needed and it tries
to cover the area which is already covered 4y It is

) ) quite possible it has to move back after it gets to know
Figure 2 shows an operational example of VEC. Round Therefore, we set the maximum moving distance such

Ols the initial random deployment of 35 sensors Va5t 5 sensor moves towards the coverage hole step-by-
by 50m flat space, with the sensing rangetaheters and gen Afters, moves certain distance, and it gets closer to

communication range df0 meters. The initial coverage s it can communicate with; and calculate the correct

is 75.7%. After Round 1 and Round 2, the coverage i§oronoi polygon. Then the risk of moving oscillation can
improved t092.2% and 94.7%, respectively. A formal greatly reduced.

description of the VEC algorithm is shown in Figure 3.

if (¢; = true) A (dave > d(s;,sj)) then
’Ej‘ = dave - d(SZ‘,Sj); ’6; = 17; + F_’i)j
(5.3)if (dave/2 > dp(s;)) then
|Fol = dave/2 — dy(s:); 6 = 0 + Fy
(5.4) do movement adjustment

Figure 3. The VEC protocol at senser

VOR is a greedy algorithm which tries to fix the largest
hole. Moving oscillations may occur if new holes are gen-
B. The VORonoi-based Algorithm (VOR) erated due to sensor’s leaving. To deal with this problem,

Contrary to the VEC algorithm, VOR is pull algo- we addoscillation controlvhich does not allow sensors
rithm which pulls sensors to cover their local maximuno move backward immediately. Before a sensor moves,
coverage holes. In VOR, if a sensor detects the exisdfirst checks whether its moving direction is opposite to
tence of coverage holes, it will move toward its fartheshat in the previous round. If yes, it stops for one round.



(@) Round 0 (b) Round 1 (c) Round 2

Figure 2. Snapshot of the execution of VEC

In addition, the movement adjustment mentioned in VEC The Minimax point is the center of the smallest enclos-
is also applied here. ing circle of the Voronoi vertices and can be calculated
The deployment protocol using VOR is similar to théy the algorithms described in [19], [27], [29]. In the
VEC Protocol, except thatinline (2.2) EC() is replaced deployment protocol using Minimax, we also specify the
by VOR(), which is shown below. maximum moving distance, and do oscillation control as

in VOR.

We run Minimax on the same initial deployment as
shown in Figure 2(a). After round 1 and round 2, the cov-
erage is improved t62.7% and96.5%, respectively.

Notations:
dmaz: Maximum moving distance
;- vector froms; to Vi,

VOR() D. Termination

(1) vi = v, - sensing range The algorithm terminates naturally based on the
(2) shrink|vj| to bed g i [0i] > dinas movement-adjustmeeuristic (explained in Section IlI-

(3) do oscillation control A), which does not allow sensors to move unless the local
(4) do movement-adjustment coverage can be increased. The total coverage, bounded

We run VOR on the same initial deployment as showby 100%, increases as the local coverage increases. Based
in Figure 2(a). After round 1 and round 2, the coverage @ the attributes of Voronoi diagram, the local coverage
improved t089.2% and95.6%, respectively. increase of one sensor does not affect the local coverage
of another sensor. Thus, sensors will stop naturally when
the coverage cannot be increased. The formal proof is
shown in APPENDIX.

Similar to VOR, Minimax fixes holes by moving closer In some applications, the coverage requirement may be
to the farthest Voronoi vertex, but it does not move as fanet without achieving maximum coverage. In this case, it
as VOR to avoid situations in which a vertex that wasiay be prudent to terminate the deployment process be-
originally close becomes a new farthest vertex. Minfore the maximum coverage is reached to save power and
max chooses the target location as the point inside tremduce the deployment time. To terminate the deployment
Voronoi polygon whose distance to the farthest Vorongrocedure earlier, we use a threshgldefined as the min-
vertex (Vy4-) is minimized. We call this point thé/in- imum increase in coverage below which a sensor will not
imax point denoted a%),,. This algorithm is based onmove. With a largek, the deployment will finish earlier.
the belief that a sensor should not be too far away frolihene = 0, sensors stop when the best coverage is ob-
any of its Voronoi vertices when the sensors are evertgined.
distributed. Minimax can reduce the variance of the dis-
tances to the Voronoi Vertices, resulting in a more regf Optimizations
lar shaped Voronoi polygon, which better utilizes sensor's 1) Dealing With Message LossHello messages may
sensing circle. Compared with VOR, Minimax considerse lost due to collisions. Consequently, sensors may fail to
more information and it is more conservative. Compardghow the existence of some Voronoi neighbors and mis-
with VEC, Minimax is “reactive”; it fixes the hole moretakenly determine coverage holes. To address this prob-
directly by moving toward the farthest Voronoi vertex. lem, we associate each item in a sensor’s neighbor list

C. The Minimax Algorithm



with a number which indicates the freshness of this iteroovered initially. This problem prolongs the deployment
That is, for how many rounds this neighbor has not beéime, as is shown in Figure 6, in which some sensors are
heard. When constructing the Voronoi polygon, sensassll clustered together after the sixth round. To reduce
only consider the sensors in its neighbor list with certathe deployment time in this situation, we propose an op-
freshness. For example, only sensors that have been he¢iantzation which detects whether too many sensors are
within the last two rounds can be considered when codlustered in a small area. The algorithm “explodes” the
structing the Voronoi polygon. Supposing the probabilitgluster to scatter the sensors apart. Each sensor compares
of message loss 8%, the probability that a message ists current neighbor number to the neighbor number it will
lost two consecutive times 25%. Therefore, if a sen- have if sensors are evenly distributed. If a sensor finds the
sor does not hear a HELLO message from a neighbor fatio of these two numbers is larger than a threshold, it
two consecutive cycles, it can assume that the neighlmamcludes that it is inside a cluster and chooses a random
has moved and be correct witt9a.75% chance. position within an area centered at itself which will con-
This solution introduces a new problem. If a sensor atain the same number of sensors as its current neighbors
tually moves to a new place, its previous neighbors canrintthe even distribution. The explosion algorithm only
hear it. If these old neighbors still consider this sensor mns in the first round. It scatters the clustered sensors
their formation of the Voronoi polygons until the fresh-and changes the deployment to be close to random.
ness threshold is violated, it will prolong the deployment
process. To address this problem, we propose that a sen-j\v pDepLoYMENT PROTOCOLS WITHV IRTUAL

sor broadcasts its new location before it moves so that its MOVEMENT

Eelﬁg?;);\slisan react promptly if a new hole is generated.l_he basic protocols require sensors to move itera-

y g tively, eventually reaching the final destination. Other ap-
50 proaches can be envisioned in which the sensors move
w0 . only once to their destination to minimize the sensor

movement. One such approach is to let sensors stay fixed
and obtain their final destinations by simulated movement.
With the same round-by-round procedure, sensors calcu-
late their target locations, virtually move there, and ex-
change these new virtual locations with the sensors which
would be their neighbors as if they had actually moved.
The real movement only happens at the last round after
final destinations are determined.

We did not deploy this alternative method for two rea-
sons. First, this approach is susceptible to poor perfor-
mance under network partitions which are likely to oc-

: : cur in a sensor deployment. If a network partition oc-
- ©P R 0% curs, each partition will exercise the movement algorithms
without knowledge of the others. Consequently, the ob-
tained final destination is not accurate and the required
coverage cannot be reached. Using real movement, the
network partitions will be healed allowing all sensors to
be eventually considered in the algorithm. A second rea-
son is the high communication overhead. To guarantee
logical neighbors are reached, a network-wide broadcast
is needed when using simulated mobility. If this network-

Figure 6. Working procedure (VOR) wide broadcast is implemented by gossiping, the message

complexity is at minimun®2rn? (herer is the number of

2) Dealing with Position Clustering: In some cases, rounds needed andis the number of sensors in the net-
the initial deployment of sensors may form clusters, agork). Using actual mobility as in the basic protocols, a
shown in Figure 6, resulting in low initial coverage. Immuch lower message complexiy;n, is sufficient.
this case, sensors located inside the clusters can not mov&o get balance between movement and message com-
for several rounds, since their Voronoi polygons are wedlexity, we propose to let sensors do virtual movement
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when the communication cost to reach the logical Voronoi

neighbors is reasonable, and do physical movement otheNotations:

wise. The challenge is to determine if a sensor can rea¢hd, ., ¢;: defined before

its logical neighbors with reasonable communication cost. d.: communication range

N L;: the neighbor list of;

w;. whethers; wants the neighbor list of its

We propose the following heuristics.

First, if a sensor’s distance to its farthest Voronoi verte
is shorter than half of the communication range, it must
know all its Voronoi neighbors. In this case, one hop

change the location information with its logical neighbors

possible that some Voronoi neighbors are out of the com
munication range. To get the locations of these Voronai
neighbors, sensors request their neighbors within the com-
munication range to broadcast their neighbor lists, thus
obtaining the logical positions of sensors located withir]
two broadcast hops. When the distances between t
physical locations of sensors and their farthest Voronai
Vertices are larger than two times the maximum moving
distance, sensors should move physically.

In realization, we divide the discovery phase into twqg
sub-phases. In the first sub-phase, sensors broadcast he{
messages; in the second sub-phase, sensors broadcast
locations of known neighbors. In one round, if a sensor's
distance to its farthest Voronoi vertex is larger than half
of the communication range, it will calculate the target
location as in the basic schemes, and do logical move
ment. In the next round, it will set a flag in the hello
messages, indicating that it wants its neighbors to broad
cast their neighbor list. Any sensor that receives a hell
message with such a flag will broadcast its neighbor lig
in the second sub-phase of the discovery phase. In this
way, the message complexity is at most two times the ba
sic scheme in one round. The flag will not be reset un
til the sensor moves physically. Sensors move physically
under two conditions: One is that its physical position is
two times the maximum moving distance to its farthes
Voronoi vertex, as discussed above. The second condi-
tion is that a sensor’s logical position has not changed far
several rounds. Then the sensor can determine that it h
obtained its final location and it can move. The formal
description of the protocol with the virtual movement is
shown in Figure 7.

—~ O

V. PERFORMANCEEVALUATIONS
A. Obijectives, Metrics, and Methodology

We implement our deployment protocols in the ns-2 (5) Upon receiving av L; message from sensey:

(version 2.1b9a), a standard network simulator. Our ob
jectives in conducting this evaluation study are three-fold:

l;: whethers; needs to broadcast its neighbor list
broadcast (same in the basic protocols) is enough to ex-loc;, loc: the physical and logical position of

pi: loc; has not changed fqr; rounds.

and physical movement is not necessary. Otherwise it s P: s; should move ifp; < P

(1) Upon entering Discovery phase-I:

(2) Upon entering Discovery phase-Ii:
ne (2.1) settimer to bediscovery_interval /2

Q Upon entering Moving phase:

a(ﬁ) Upon receiving aello(w;) message from sens

Sj

neighbors

(1.1) settimer to bediscovery_interval /2
enterDiscovery phase-lipon timeout
(1.2) broadcaskello(w;) after a random time slof

enterMoving phaseaipon timeout
(2.2)if I; = true then
broadcastV L; after a random time slot
l; = false

e(3.1) settimer to bemoving_interval,
enterDiscovery phase-ipon timeout
(3.2)if ¢; = falsethen
calculateloc; by VEC or VOR or Minimax
do oscillation control
do movement adjustment
p; = 1 if logically moves
if d(loci, Viar) > 2 * dpas then
move toloc,
w; = false;
else ifd(loc}, Viar) > d./2 then
w; = true;
(3.3)else ifp; < 1then
pi=pi+1
(3.4)elseifp; < P
move toloc}
w; = false;

(4.2)if w; = true then
l; = true

(4.1) UpdateV; andG;

(4.2)if G; is newly coveredhen
setc; = true

(5.1) UpdateV; andG;

first, testing the effectiveness of our protocols in provid-
ing high coverage; second, by comparing VEC, VOR and

Figure 7. Virtual movement protocols at



Minimax, and comparing the basic protocols and the vir.7%. In contrast, to obtain the same coverage under ran-
tual movement protocols, giving some insight on choosirtpm deployment, on average, 340 sensors are required.
protocols in different situations; finally, studying the ef- Also, by analyzing the trace of the basic protocols, we
fectiveness of controlling the tradeoff among various mefind the coverage increases very quickly during the first
rics by adjusting parameters. several rounds. For example, in most of the cases, the
We analyze the performance of our protocols from tweoverage can be increased to 08&¥; after the first round
aspects: deployment qualityand energy consumption when 120 sensors are deployed and &&¥ in higher
Deployment qualityis measured by the sensor coveraggensor densities. In the virtual movement protocols, actual
and the time (number of rounds) to reach this coveragmverage increase happens after the real movement.
Deployment time is determined by the number of rounds Among VEC, VOR, and Minimax, VEC performs the
needed and the time of each round. The duration of eagbrst. The primary reason is that VEC is sensitive to
round is primarily determined by the moving speed of sethe initial deployment. Consider an extreme situation in
sors, which is the mechanical attribute of sensors. Thwghich sensors are located in the same line with equal spac-
we only use the number of rounds to measure the deplayg. In this case, no sensor will move, since the virtual
ment time. Energy consumption includes two parts, mfrces offset each other, though there are large coverage
chanical movement and communication. Message cofles. If the sensors are located in similar relative posi-
plexity is used to measure the energy consumed in cotions initially, VEC does not perform well. In addition,
munication. As for movement, the energy consumed WVEC neither considers coverage holes nor utilizes any
moving a senson meters consists of two parts: startgeometric information from the Voronoi polygons when
ing/braking energy and moving energy. Therefore, we uskoosing the target locations. It tries to reach relatively
moving distance and the number of movement as the migélanced positions among the sensors, despite the diffi-
rics. culty of obtaining an exact global even distribution from
We run simulations under different sensor densitgnly local information.
which determines the sensor coverage that can be reacheglOR and Minimax achieve quite similar coverage.
and the difficulty to reach it. In a00m * 100m target They both move to heal the holes directly. VOR is more
field, we distribute four different number of sensors, rangreedy and may move more than needed, thus generating
ing from 120 to 180, in increments of 20 sensors. Theew coverage holes. But finally, VOR will move sensors
initial deployment follows the random distribution. Mosback to the correct positions if coverage can be increased
simulation results are under the termination condition thgy doing so.
e is equal to1% divided by the number of sensors. To Between virtual movement protocols and basic proto-
evaluate each metric under different parameter settinggjs, virtual movement protocols achieve almost the same
we runl10 experiments based on different initial distribuzoyverage as the basic protocols as expected. We can
tion and calculate the average resullts. conclude that using virtual movement will not affect the
We choose 802.11 as the MAC layer protocol angchieved coverage.
DSDV as the routing protocol. The physical layer is mod- 2) Energy ConsumptionFigure 9 and Figure 10 show
eled after the RF MOTE from Berkeley, with 916.5MHZhe moving distance and the number of movements re-
OOK 5kbps as the bandwidth and 20 meters as the tra@gactively. Figure 11 shows the message complexity.
mission range. Based on the information from [1], WRiere message complexity is defined as the number of
set thesensing rangéo be 6 meters. This is consisteNiyessages exchanged when the protocol terminates. To
with other current sensor prototypes, such as Smart Degh|yate the energy consumption, we normalize the mov-
(U.C.Berkeley), CTOS dust, Wins (Rockwell)[2]. ing distance and the number of movements into message
complexity. That is, with the same amount of energy con-
sumed in movement, how many messages can be trans-
mitted. Calculated from Robomote [26], approximately,
1) Coverage: Figure 8 shows the coverage obtainetb move a sensor one meter consumes a similar amount
when the coverage increase threshold equal tol % di- of energy as transmitting 300 messages. The energy con-
vided by the number of sensors. From the figure, we caunmption in starting/braking is varied in different systems.
see that the coverage is greatly increased by all three Rilgure 12 shows the unified energy consumption when the
gorithms compared to the initial random distribution. Fastarting/braking to one meter moving energy consumption
example, when 140 sensors are deployed, Minimax aradio is one. (We also have plotted the case when the ratio
VOR can increase the coverage to be more #&% from is four. The results are similar to Figure 12, so we do not

B. Simulation Results
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show it here.) From the figure, we can conclude that vithese three algorithms under low density.
tual movement protocols are much more energy-efficientBetween VOR and Minimax, Minimax moves less in
than the basic protocols. The improvement is larger whemost cases. Minimax is proposed to address the aggres-
the starting energy is high. Among the three algorithms sive feature of VOR and the simulation results verify its
calculate the target locations, Minimax is always the mosffectiveness. Because Minimax is sensitive to the con-
energy-efficient, except when the sensor density is quiiuction of Voronoi polygon, it is sensitive to message
low. At low sensor density, VEC consumes the least eless. In our previous paper [10], we showed that if mes-
ergy. VEC pushes sensors into relatively regular positiorage loss is not accounted for, Minimax has the largest
and does not perform the fine adjustment of their locaaoving distance. This is because when message loss oc-
tions to reach high coverage. Therefore, VEC consumes's, the calculated Voronoi polygon is not correct.
the least energy, and reaches the lowest coverage amonigrom Figure 9 we can observe an interesting phenom-
ena of VEC: the moving distance is similar under differ-
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Figure 12. Unified Energy Consumption (energy consumed in starting/braking is equal to moving one meter)

ent sensor densities. This is because VEC fixes covergget on moving distance when obstacles must be over-
holes by pushing sensors into a relatively even distribonteme on the protocols that require the larger number of
tion. In VEC, sensors are pushed by the virtual forcesyovements.
which are determined by the difference between the averFigure 11 shows the message complexity. Message
age distance of sensors when they are evenly distributammplexity is primarily determined by the number of
and the individual inter-distances. Both values increaseunds to finish the deployment process and the number
with a low density and decrease with a higher densitygf messages in each round. Within one round, VEC trans-
Thus, VEC is not sensitive to sensor density. In comaits more messages than VOR and Minimax since sensors
trast, Minimax and VOR relocate sensors by measurimged to send one message to notify neighbors that their
the coverage holes, which are larger under lower densifgronoi polygons are well covered. In addition, VEC
and smaller under high density. Therefore, the movingeeds more rounds to terminate (explained in the next sec-
distance in VOR and Minimax is decreased with a high&ion). Therefore, VEC has the highest message complex-
sensor density. ity. Between Minimax and VOR, Minimax needs more
Figure 10 shows the number of movements using basaunds to terminate and has higher message complexity.
protocols and virtual movement protocols, respectively. 3) Convergence Timein this section, we evaluate the
We can see that the number of movements is greatly m®nvergence time of our protocols. We séb be 0. Fig-
duced by using virtual movement. In particular, sensowse 13 shows the coverage in each round when the num-
move about once when the number of nodes is more tHzer of sensors is 140. From the figure, we can see that
140, and less than 1.5 times when the number of nodeshie coverage increases very quickly during the first several
120. This shows the effectiveness of the heuristic to deunds. Here for each algorithm, we raf experiments.
termine when to move physically. In the basic protocoléfter 10 rounds, the algorithms achieve at €@k of the
sensors move several times on average. They move lesst coverage they can reach, in all these experiments and
with a higher node density and fewer coverage holes. the algorithms achieve at lea#% of the best coverage,
As described in Section II-B, path planning is requireth about99.33% of these experiments. From the exper-
to overcome obstacles. We expect a greater negative iments, we can conclude that our algorithm can quickly
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converge. tradeoff between coverage and deployment time by ad-

Our algorithm resembles the steepest descent alggstinge, the coverage increase threshold. TABLE | shows
rithm[16], in that both try to move along the direction thathe termination round, coverage reached and other met-
is locally optimal. Unfortunately, the convergence theomycs for differente for the virtual movement protocols. We
of steepest descent is not satisfactory from a theoreticain see that, with a smaller a higher coverage can be
point of view. It is shown in [16] that it converges if thereached, while the deployment cost and the deployment
objective function satisfies certain conditions and proptme is also increased. By properly setting this thresh-
step lengths are taken. However, no result on the conveld, we can save time and energy by trading off a small
gence rate of steepest descent for general objective fuamount of coverage. For example, in Minimax, whega
tions can be found in the literature. For most applicationsicreased front).5% to 1%, the deployment time can be
steepest descent is the best choice if no global informatisiortened by 7 round8%%), while the ultimate coverage
of the objective function is available. achieved is only reduced ly4%.

Among VEC, VOR, and Minimax, the termination time
is quite different where is small, and similar wheas is
larger. For example, whenis equal to2%, the three al-
gorithms terminate in a similar time. As for other metrics,
Minimax performs the best. Therefore, Minimax is the
best choice it can be set to be a relatively large number.

1

Coverage

0.8 ——VEC

~vor || VI. CONCLUSION AND DISCUSSIONS
— Minimax
0.78; : 0 15 % 5 This paper addressed the problem of moving sensors in
Round a target field to get high coverage. Based on Voronoi di-
Figure 13. Convergence time agrams, we designed two sets of distributed protocols to

iteratively move mobile sensors from densely deployed ar-
4) Termination: Figure 14 shows deployment time uneas to sparsely deployed areas. Simulation results verified
der different sensor density. As expected, virtual movgne effectiveness of our protocols and provided a baseline
ment protocols require more time to terminate. In virtuqbr performance under ideal conditions.
movement, each sensor waits several rounds before reafhe virtual movement protocols can significantly re-
movement. duce mechanical movement with a cost of less than two
In general, the deployment procedure can be roughfihes an increase in the message complexity over the ba-
divided into two parts: One is overall re-distributiongic protocols. In each set of the protocols, three algorithms
which moves a group of sensors from a dense areatf:alculate the target location were proposed: VEC, VOR
a sparse area to achieve a relatively even distribution 244 Minimax. Minimax is the best choice in most cases.
sensors. Another is the minor adjustment of positions \fEc moves least at a low sensor density and can be de-
the local area to achieve better coverage. When the SBlbyed when the coverage requirement is not high. VOR
sor density is not high, time consumed in the overall rgsyminates the earliest when the sensor density is not very
distribution is the major factor of deployment. When thﬁigh, and it can be deployed when both the deployment

sensor density is very high, no large-scale movementijge requirement and coverage requirement are strict.
needed and the position adjustment is the major factorgejow, we discuss some open issues.

VOR is good at the overall re-distribution because of its
aggressive feature. It terminates the quickest in low or | )
medium sensor density. Minimax calculates the target 5: Distributed Scheme versus Centralized Scheme
cations to heal coverage holes most accurately, and it fin-To address the problem of mobile sensor deployment,
ishes the quickest in very high density. VEC pushes semne propose that sensors calculate their target locations in
sors away from dense area by virtual force. The sensorgiflistributed fashion. We did not deploycantralizecap-
a sparse area may not move for a long time since no sengarach for the following reasons. First, a central server ar-
is present to push them. These sensors only move after¢héecture may not be feasible in some deployments. Fur-
sensors from a dense area are propagated into their atieer, the centralized approach suffers from the problem of
This propagation process may take a long time. a single point of failure.

5) Impact of Coverage Increase Thresheld In this Although a centralizedapproach is not feasible for
section, we study the effectiveness of controlling thmany scenarios, it is interesting to study it and compare
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€xn VEC VOR Minimax

R [C@®%) DM | M | E R [C@®%) DM M | E R [C@®%) [Dm | M | E
0.5% | 20.60| 96.41| 4.72 | 1.21| 1.10|| 14.70| 98.52| 4.78 | 1.24 | 1.06 || 21.20| 98.65| 4.30 | 1.17]| 1.05
1% | 17.50] 96.16| 4.68 | 1.19| 1.10|| 11.90| 98.06| 4.69 | 1.19| 1.05| 14.50| 98.27| 4.22 | 1.13| 1.04
2% || 11.40| 95.79| 4.63 | 1.17| 1.09|| 10.20| 97.46| 4.61 | 1.16| 1.04 | 10.70| 97.87| 4.15 | 1.10| 1.03

TABLE |
IMPACT OF ¢ (n = 140) ( R is the round number when all sensors st&pmeasures the effectiveness of moving, which is the ratio of actual
moving distance to the distance between the initial position and the final podiighows the average number of movements of serSors.
andD refer to the coverage and to the moving distance respectively. These values are obtained in the stoppiRg round

it with our distributed algorithms. We consider a centraB. Sensing Area

ized approach in an ideal case, in which the optimal posi-|, this paper, the sensing area of each sensor is as-
tions to place sensors is decided a priori. RBeNsors, ¢ med to be a disk with radiwsn. This is the ideal case
there aren regular positions. It does not matter whichyhich provides us with a baseline of the sensor placement

sensor is placed in which position. There exists a Cefoplem. In future work, we will address varying sensing
tral server, which can collect the locations of sensors aF‘c?nges. Here. we discuss these issues.

direct them to move, such that the average moving dis-gyr protocols can deal well with the case of a larger or
tance is minimized. Basically, this is a bi-party matchsmaier sensing radius if the sensing area is uniformly a
ing problem and the classic Hungarian method [23] c@fisk. The performance of the protocols depends more on
be used to calculate how to allocate sensors from thig ratio of communication range to sensing range than the
!nltlal_p03|t|oqs to.the _target locations such that the moyysoiute sensing range. As the sensing range decreases
ing distance is minimized. We have compared the av&fith regard to the communication range, our protocols
gge moving distance of our dlstrlbu_ted_ protocols with thig; perform very well because they can accurately con-
ideal case. When the node density is lower than abQyyct the Voronoi diagrams. As the sensing range in-

110 sensors pei00m * 100m, the centralized schemegeases, we need to enlarge the broadcast hops to better
outperforms our scheme; otherwise, our distributed alg&jnstruct the Voronoi polygons.

rithms are better. (Here, we choose Minimax under Vvir- ¢ tha sensing area is an irregular shape, instead of a

tual movement for comparison). This is because in OY[sk sensors can still check their Voronoi polygons to de-
scheme sensors only move when there are coverage hqlgsnine the coverage holes. In this case, we can decrease
while in the centralized scheme sensors always Movefp, sensing range used in our protocols to account for the

an optimal point even if it does not improve coverage. IRqyced coverage. In future work, we will study our pro-
our scheme, when the node density is high, sensors ngggys sensitivity to the sensing area.

only move a short distance to reach high coverage. Under

low density when most sensors are required to move, the o o

centralized scheme results in a lower average moving dfs- Sensitivity to Communication Range

tance. In terms of coverage, the centralized approach carn our previous paper [10], we evaluated the impact of

always guarantee the optimal coverage since the optirs@mmunication range on the basic protocols and found

positions are decided a priori. that when communication is more than two times of the
sensing range, the performance is similar to the results
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presented here (6m sensing range and 20m communigas\" ™" but notG\"). Therefore,

tion range). This requirement is reasonable and most () ") (1) (1)
hardware can satisfy it. In situations in which this require- A7 = A ([ "y D @)

ment cannot be satisfied, we can increase the broadcasiy enforcing themovement adjustmeteuristics (de-

hop limit. In the virtual movement protocols, the broadscriped in section I1I-A), our algorithms guarantee that, if
cast hop can be increased accordingly if the commuNiGa-moyes

tion range is short and the performance will not be af- . .
fected. AP () > AP (). @)

Certainly, if s; does not move,
AP () = AP (2 ) ©)
() 0]

APPENDIX
We denote the following terms for the proof. The loca-

tion of sensos; in ther round is denoted gs'", 5],  becausdz!"", 4] = 2"

The Voronoi polygon of;, G;, in thert” round is denoted  From (1),(2),(3)

asGZ(T). G; changes in different rounds 4f or its neigh- n () n A () ()

bors move. Area of the covered part &f" in the rth i AT > i A (), @)

round is denoted ad‘” and that in ther + 1) round  if some sensor moves in thé" round.

is denoted asi{”. G!") is a fixed polygon in the target FromLemma2

field, but the covered portion cﬁ?zm may be changed in AZ(T) _ A§’">([x§”,y§’“>]) (5)
different rounds since sensors may move and they cover

different areas if they move. Thereforﬁy) is not equal From(4),(5)

to A" Also, A" is not equal tad" ™). They refer to n A sy A, (6)

)
the covered area of different polygons. The area of the _
. (r) . if some sensor moves in thé" round.
covered portion ofy;’ by a sensor located &t, y] is de-

(r) -~ BylLemmal,
noted asA; ’([x,y]). The area of the covered portion in . .
the whole target field in the’” round isA,(fggal. Afotar = Liz1 A
()
Lemma 1:(a)A%£2al - n AZ(Z)) AlrED — s A
r+1) n A(r
(b)Atotal = Lui=1 Az‘ ' From (7),(6)
Proof. Voronoi diagram is a partition of the target ATHD 40 8)
field, so (a) is obvious. With the same reason, (b) is also fotal total?
correct. The summation of the covered area of partitioifssome sensor moves in thé" round. |

is the whole covered area in the target field, whatever aCOI‘o”ary 1: Our distributed algorithms are conver-
partitioning method is used. Therefore, the summation §ént, and thereby terminate naturally.

the covered area of the Voronoi polygons in the previous

round is also the whole covered area in the current round(. ) Proof: Following from Theorem 1 and the fact that

m  Aioia IS upper bounded by the total area of the target field,
Lemma 2: A" — A(T)([x(r),ym]) our distributed algorithms converge, and terminate natu-
‘ LT rally. All sensors stop moving when no coverage increase

Proof: This is the direct result of the attribute ofcan happen. |

Voronoi diagram. Every point WithirGET) is closer to
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