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Many sensor network applications require the tracking and the surveillance of target objects. However,
current research, many studies have assumed that a target object can be sufficiently monitored by a sil
sensor. This assumption is invalid in some situations, especially, when the target object is so large the
single sensor can only monitor a certain portion of it. In this case, several sensors are required to ensu
360° coverage of the target. To minimize the amount of energy required to cover the target, the minimu
set of sensors should be identified. Centralized algorithms are not suitable for sensor applications.
this paper, we describe our novel distributed algorithm for finding the minimum cover. Our algorithrr
requires fewer messages than earlier mechanisms and we provide a formal proof of correctness and t

of convergence. We further demonstrate our performance improvement through extensive simulations.

. INTRODUCTION

Wireless sensor networks have caught lots of attentions in recent years. The main reason is t
people expect many applications which may be too dangerous or too costly to be done by human
be performed by wireless sensor nodes easily. Examples of such applications include environmer
monitoring, industrial control, battlefield surveillance, home automation and security, health monitoring
and asset tracking [1], [2]. Such applications require the sensor nodes to sense the environment and s
some up-to-date information back to the sink node either periodically or when they are triggered by sor
events/when they have received requests from the sink node.

Among these applications, monitoring is the one which has caught the most attention. In monitorir
applications, small-sized battery-powered sensor nodes are deployed in a large scale. Each sensor no
equipped with some sensing equipment, e.g., a video camera, which can be used to sense the environt

up to a certain sensing range and therefore the sensing function of each sensor can only cover a lim



physical area. Due to the limited sensing range, sensor nodes usually cooperate to achieve a cer
monitoring objective. The monitoring objective is usually transformed to a coverage problem, which ca
be regarded as a measurement on quality of service (QoS) of how well the sensor network functions
the physical world. There are two common monitoring objectives suggested and widely studied [3]. The
are area coverage and target coverage.

Area coverage refers to the cover of a certain target area, so that any changes within the target area
be discovered immediately and an appropriate action can then be made on time. For instance, a suc
increase of temperature in a monitored forest area may represent a possible fire. Lastly, target cover
refers to the cover of one or more target objects within the area considered. For instance, in an art galle
several invaluable arts are monitored instead of the whole gallery.

In this paper, however, we are specifically interested in a scenario in which the perimeter of a lare
target object is our main concern. One of the typical application scenario is to maéitoof the white
house so as to ensure its security. Due to the limited battery power and possible overlapping of the sens
functions of the sensors, we would only like to activate a minimum set of sensors which are possible
cover the whole perimeter of the target object. This problem is very similar to the circle-cover probler
in a circular-arc graph in which a number of centralized algorithms have been proposed [4], [5], [6
[7]. Unfortunately, all these proposed algorithms can not be directly applied in a wireless sensor netwa
scenario which is distributed in nature. Previously, we [8], [9] proposed a distributed algorithm to solv
this problem. The approach requires all the nodes passing thi@utghinitiate the search and thus the
overhead can be several multiples of the size of the minimum cover. In this paper, we further enhan
our distributed protocol so that it is possible to find a minimum set of sensors to cover the target obje
within O(size of the minimum covemumber of messages. We also provide a formal proof of correctness
and convergence time of our proposed algorithm.

The paper is organized as follows. In Section Il, we will briefly discuss the related work about the
coverage problems in wireless sensor networks and the circle-cover problems in circular-arc graphs. Th
the perimeter coverage problem that we are focusing in will be discussed in Section Il together wit
some definitions. Afterwards, our proposed distributed protocol to solve the perimeter coverage proble

in wireless sensor networks will be discussed in details in Section IV together with a formal proof o



correctness and time of convergence. Through extensive simulations, we show that our proposed algori
outperforms some earlier developed distributed minimum cover algorithms in Section V. Finally, we

conclude our scheme with some possible future work in Section VI.

II. RELATED WORK

In this section, we will briefly discuss the related work on the coverage problems in wireless sens
networks and the related work on the centralized algorithms proposed for the circle-cover problems
circular-arc graph.

As we have discussed before, there are two main kinds of coverage problems suggested and stu
in wireless sensor networks. They are area coverage and target coverage. Area coverage problem re
to the cover of the whole target area by the sensors. There are a number of variations, including sin
area coverage, multiple area coverage and fractional area coverage, etc. Single area coverage prol
generally refers to the problem of finding a minimum set of sensors which can cover all the points i
the area. A centralized algorithm to find a small-sized connected sensor cover is presented in [10], wh
a localized algorithm for area coverage with no prior knowledge of neighbor existences and neighb
location is presented in [11]. Caat al. [12] considered the movement of the sensor so as to cover the
area which has not been covered by random distribution of the sensors.

The work suggested above only considers that every point within the target area should be covered b
least one sensor. However, due to various reasons, a certain area may be required to be covered by mul
sensors instead, e.g., some sensitive military area. This leads to-dbeerage problems suggested in
the literature. Huangt al. [13], [14] transformed the coverage problem to a decision problem so as to
determine whether the target area is covered by at leastnsors. According to their approach, each
sensor can determine whether the area-tovered by considering whether its perimeteikisovered.

On the other hand, fractional coverage problem has also been considered in [15], [16]. In this proble
it is generally not necessary to cover the whole target area. Instead, only a certain fraction of the tar
area has to be covered by the sensors.

Target coverage problem refers to the cover of a certain target object or a number of target obje:

within a certain area. Kar and Banerjee [17] studied the target coverage problem. They focused on 1



node placement in order to ensure all the targets are covered. They assumed that the targets’ locat
are known beforehand and the node placement is deterministic. Their algorithm runs in a polynomi
time. Cardeiet al. [18], [19] studied the target coverage problem with the focus in energy-efficiency in
monitoring a set of target objects with known location. They assumed that the placement of the nod
are ransom and they aimed at selecting a maximum number of disjoint sets of sensors in which ewve
set can cover all the target objects. By doing so, the network lifetime can be increased. They proved tli
the disjoint set problem is NP complete and they tried to propose a centralized algorithm to solve th
problem. Other than that, Thai al. [20] have proposed &(logN) distributed algorithm to solve the
target coverage problem.

In this paper, we are specifically interested in the angle/perimeter coverage problem. Unlike that of
area coverage problem in which a certain target object area is of particular interest, we are interestec
whether the target object perimeter380° covered by enough sensors. Unlike that of the target/point
coverage problem in which the target objects are small and can be covered by a single sensor near
object’s vicinity, angle/perimeter coverage problem is focused on monit8fi6gof a large target object
in which a sensor can only cover a certain angle range of the target object. In fact, the angle/perime
coverage problem is the same as finding the minimum circle-cover for circular-arc graph. Circular-al
graph problems have been studied for quite a long time. Generally speaking, there are two main tyy
of algorithms for finding the minimum circle-cover for circular-arc graph — sequential and parallel
algorithms.

Lee and Lee [4] proposed an optimal sequential algorithm for finding the minimum circle-cover. The
formally proved that the time complexity for finding the minimum circle-cove©isViogN) if the arcs
are not sorted an@ (V) if the arcs are sorted with the use of one processor. Since their algorithm achieve
a time complexity ofO(N) in the worst case when the arcs are sorted based on the start angle, it is optim
in nature.

On the other hand, Bertossi [5] was known to be the first to propose a parallel algorithm to tackl
this problem. Basically, their algorithm tries to find an arevith end anglet; which overlaps with
the minimum number of arcs. The algorithm achieves a time complexity (é6g/NV) with the use of

O((N?/(logN) + gN) processors, where is the minimum set of arcs overlap in the graph. Ref. [6]
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and Ref. [7] proposed similar optimal parallel algorithm to tackle this problem. Generally speaking, the
approaches built up trees with the use of successor and inverse successor relationship (in which success
of an arci is the greedy clockwise neighbor 9f The set of nodes with the minimum depth from the root
to leaf will be the MC. Both approaches achieve a time complexitp@bgN). However, the algorithm

in [6] requiresO(N/logN) processors, while the one in [7] requir@$/N) processors. All the algorithms
discussed are centralized, so the processors are supposed to be able to access all the sorted arcs
graph.

All the algorithms discussed above find the minimum circle-cover of the circular-arc graphs without an
specific applications in mind. At the same time, all of them are centralized with one or more processot
On the other hand, Watfa and Commuri [21], [22] proposed a distributed algorithm to find a reduce
set of nodes to cover the border of a rectangle. Instead of actively searching for the cover nodes, tt
proposed an algorithm in which the nodes determined that their cover ranges are completely covered
their neighbors will be declared to inactivate. Unfortunately, they did not provide the proof of correctnes
and convergence of their algorithm.

To the best of our knowledge, we are the first to apply minimum circle-cover problem of circular-arc
graphs on the angle/perimeter coverage problem in wireless sensor networks. Previously, we have propc
an optimal centralized algorithm to find the minimum number of visual sensor nodes which are necess:
to cover360° of the target object [8], [9]. Also, a distributed algorithm is proposed to tackle this problem
and this is also known to be the first distributed algorithm proposed. The proposed distributed algorith
is similar to that of [5]. In our algorithm, every node passing throoglwould find the smallest cover
that contains itself using the greedy clockwise neighbor selection approach. The minimum set will the
be selected as the minimum cover among the sensors. Unfortunately, a large message overheads in t
of the number of messages are required. In this paper, we adopt another approach and provide the p
of the correctness of our proposed algorithm. For comparison, we have adopted Lee and Lees’ sequer
algorithm [4] into a distributed environment which required the same number of messages as that
our previously proposed algorithm in the worst case. Also, we implemented our previously propose
distributed algorithm [8], [9] together with the algorithm described in this paper. These algorithms wil

then be compared through both theoretical and simulation analysis.



IIl. PROBLEM STATEMENT AND DEFINITIONS

We are considering a system in which the perimeter of a big target object has to be monitored. T
target object is surrounded by randomly distributed sensors. Each sensor can monitor only part of 1
perimeter and each sensor can communicate to its neighbors only. We would like to identify a set
sensors that can monitor the whole perimeter. To save energy, the number of sensors needed shoul

minimized. Before we describe our distributed protocol, we define our problem in this section.

A. Cover Range and Cover

For the ease of discussion, we model the perimeter of an object as a circle &ifd, 86e°) to denote
the whole perimeter. A sensorcan cover only part of the perimeter and we denote that;as]. [s;, ;]
spans in the clockwise manner as illustrated in Figure 1. For a senbat does not covel®, s; < t;.
t; < s; if i covers0°. The cover range of two or more sensors will be the union of their ranges. Although
we model the perimeter as a circle, it is worth noting that our protocol works for any arbitrary shap
of perimeter as long as sensors can determine their cover ranges. How a sensor determines the ran
application dependent and it is outside the scope of this paper. Interested readers are referred to [
[24], [25].

Given a set of sensaf, a set of sensoD C S is a coverif for each angley € [0°, 360°), there
exists a sensof € D such thaty € [s;, t;]. In other words] J,. s, ;] = [0°,360°). Figure 2 illustrates
a scenario of) sensors surrounding a target object. Each arrow represents the cover range of a node.

the figure, the set$l1,3,5,7,8}, {1,2,3,5,6,9}, and{1,3,5,7,9} are all valid covers.

B. Minimum Cover

Minimum Cover (MCjs a set of sensors with the smallest size which preserves the entire cover rang
Formally, C' is a minimum cover ifiC| < |D| for every coverD. In Figure 2, both{1, 3, 5, 7, § and
{1, 3, 5, 7, 9 are a minimum cover. Minimum cover is not necessarily unique. In the next section, we
will describe our protocol that allows a sensor to determine whether it is inside a minimum cover.

We defineminimum cover contains Sensgrdenoted as\/C'(i), to be the smallest cover that contains

i. In other words|M C(7)| < |D| for every coverD wherei € D. Obviously, there exists a sensiosuch
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that M C'(i) is also an MC. However, not evefy/ C'(i) is a MC. For example, in Figure 2/C(2) is {2,
3,5,6,9, 1} and this is not a MC.

C. Backward and Forward Neighbors

Two nodes areneighborsif their cover ranges overlap. Formallyandj are neighbors ifs; < s; < ¢;
ors; < t; <t; ' Each node can communicate directly with neighbors only. It is possible|[hat]
completely containss;, t;] like sensors 9 and 8 in Figure 2. When two sensors have overlapping cove
ranges and none of them is contained in the other, one of thembalavard neighborland the other
is aforward neighbor i is a backward neighbor of and j is a forward neighbor of if s, < s; < ;.
Refer to Figure 2, sensogsand3 are forward neighbors of sensbrwhile sensor$ and8 are backward
neighbors of sensar.

A node may not necessarily have backward neighbor and/or forward neighbor. An example is shov
in Figure 3. Sensor 5 does not have a backward neighbor and Sensor 4 does not have a forward neigh

When this occurs, it means that some portion on the perimeter cannot be covered by any sensor.

D. Default Member

A sensor is adefault membeif it covers a portion of the perimeter that no other sensor is covering.
Formally, i is a default member if there exists a certain angle [s;,¢;] such thaty & [s;, ;] for any
other sensoy. In this casej must be in any cover andi/ C' (i) must be a minimum covet.can identify
whether it is a default member by checking whether there is any backward neighbor overlaps the sens
range with a forward neighbor. For example, in Figure 2, Sensor 1 is a default member since none of
backward neighbor’s cover range overlaps with the range of any forward neighbor. On the other har
Sensor 2 is not a default neighbor because the sensing range of its backward neighbor, Sensor 1, ovet

with the one of its forward neighbor, Sensor 3.

This applies when botth and j do not cover0®. The definition can be extended easily to ranges that co¥dsut we leave it out for
the ease of discussion.



IV. DISTRIBUTED MINIMUM CoOVER (DMC)
A. Finding MC(i)

As mentioned before, if is a default membet)/C(i) is a minimum cover. Even if there is no default
member, there must exist a sensauch that\/C(i) is a minimum cover. If we could identify this sensor
i, finding M C'(i) would solve our problem. Therefore, we first describe how we can/fiid(i) giveni.

To find M C(i), we want to find the minimum set of sensors that cover the range]. « knows its
neighbors and it adopts the greedy strategy that it selects one that covers as far as possible. Without
of generality, we assumeselects a forward neighbor and sensors are selected in the clockwise directior
That is,7 selectsj such thatt; > ¢, for all forward neighbork. We call the forward neighbor selected in
this manner th@reedy forward neighboand denote the greedy forward neighbor of nedes GF N (7).

1 informs its greedy forward neighbgrthat it is selected ang selects its own greedy forward neighbor.
The process ends when a selected node realizes ihat forward neighbor. To facilitate this, the identity

of 7 has to be carried around in the selection process. Refer to the example in Figure 2, suppose that
want to find M C(1). GFN(1) is 3 and so 1 informs 3 that it is selected. Sensor 3 selects 5 as it is the
greedy forward neighbor of 3. 5 selects 6 and 6 selects 9. As 1 is a forward neighbor of 9, 9 informs
and the searching process is finished.

It is worth noting that each selected node only knows which neighbors, one backward and one fc
ward, are also selected but no node, everhas the complete knowledge aff C'(i). Besides, only
selected node would send a message and so the message compleXity/i€'(i)|), which is very
efficient. We now proof the correctness of the greedy strategy. We d&fin€?(i) to be GFN(GFN(i)),
which is the greedy forward neighbor of the greedy forward neighbar &imilarly, GFN*(i) means
GEN(GFN(....(GFN(i)))) where GF'N is found for & times. For convenience, we lab6lF' N°(i) to

be .
Lemma 1 {GFN(i)|0 < j < k and GFN*(i) is a backward neighbor of} is an M C ().

Proof: Suppose that given a certaliC'(i), C = MC(:)\{i} and|C| = k. The cover ranges of the
sensors inC' arranged in clockwise order are [ ], ... , [o%, 7x], WhereT; < 7,4, for 1 < j < k. We

further assume that the set of greedy forward neighbors selecteédvisth |C’| = k’. The cover ranges



of the sensors i’ are [s1,t1], ... ,[sw, tr]- TO argue thatC’ U {i} is also anM (i), we proofk = k'
by showing7; <t; wherel < j <&’ using induction.

To simplify the notation, we label a sensor using the start angle of its cover range. Thatl&)otes
the sensor that covers;,t;]. Both o; ands; are forward neighbors of. As s; is the greedy forward
neighbor,m; <¢;. Assume it is true for that7; <t;. We now prove it is also true foj + 1.

If 7,41 < tj, ast; < tj11, we haver;; < t;4,. Fort; < 7,44, by the assumption that; < ¢; and
becausédo;, 7;] overlaps with[o; 1, 7;4+1] (041 < 75), it leads too; 1, < t; < 7;41. This implieso;; is
a forward neighbor of;. As s;; is the greedy forward neighbor ef, 7;.; <t,,; and it completes the

proof. W

B. Greedy Forward Neighbor (GFN)

We now have a mechanism that finds the minimum cover containing a certain sensor. If we can ident
a sensor that is in an MC, we solve the problem. Before we describe how to find this sensor, in this

section, we describe several properties related to GFN.

Property 1 If 5 is a forward neighbor of, GF N (i) is eitherj or a forward neighbor ofj.

Proof:
As j is a forward neighbor of, it can be the greedy forward neighborioflf = = GFN (i) # j, t, > t;

and soz is a forward neighbor of. W

Property 2 If j is a forward neighbor of and GFN(i) # j and GFN(j) # GFN(i), GFN(j) is a
forward neighbor ofGF N (i).

Proof:
Let x = GFN(i) and sos, < t; while y = GFN(j) ands, < t;. As GFN(i) # j andj is a forward

neighbor ofi, t; < t,. Asy is GFN(j), t, < t,. Thereforey is a forward neighbor of. W

Property 3 If nodes: and j share the same greedy forward neighbor and< s;, then |MC(i)| <
[MC ()]



Proof:

Let GFN(i) = GFN(j) =z, IMC(i)| = k and|MC(j)| = k’. According to Lemma 1{GFN™(i)|0 <
m < k} is anMC(i). Note thatG FN*~1(i) = GFN*2(x). That is, GF N*~?(z) is a backward neighbor
of 7 and GFNk/_Q(I) is a backward neighbor of. Sinces; < s;, k—2 < k' —2 and sok < k' as stated

in the property. H

C. Finding MC

Let Sy be the set of sensors that coveér At least one of the sensors iy must be in an MC. Intuitively,
if we find out M/ C(q) for all ¢ € Sy, the minimum sizeV/C(q) will be the minimum cover. However, if
the different)M C(q)’s are found independently, it may be very expensive as there may be many nodes |
So. Therefore, we “combine” the search of differemtC'(¢)’s to reduce message overhead.

Let ¢,, be the sensor i¥, with the largest ending angle. That ig, is a forward neighbor of all the
nodes inS,. By Property 1, for ally € Sy, ¢ # ¢, GFN(q) is eitherg,, or a forward neighbor of,,.

Let 7" C S, be the set of nodes such tha#'N(q) = ¢,, ands; < s; wherei, j € T. By Property 3, we
know that M C(j) cannot be better than/C(:) for all j € T" wherei # j. Therefore, we do not have

to bother findingM C(j) and we carprune the search of\/C(j). This is one way to reduce message
overhead. On the other hand, it is worth noting that every forward neighbor of gveng, is also a
neighbor ofg,, because both,, and a forward neighbor af covert,. In other words, based on the cover
ranges of its neighborsg,, can identifyGF N(q) for all ¢ € Sy. Suppose nowy, realizes that both and

J select the same GFM ands; < s;. In this caseg, can prune the search a/C(j) because{:, f}
covers a larger range thdn, f}. Generally speaking, when two or more nodes select the same greed:
forward neighbor, we can prune some of the searches.

To further reduce the message overhead, we “combine” the unpruned searches by one message.
example, refer to Figure 4,, = 6 and M C(1) or node 1 is pruned becau§g'N (1) = 6. AsGFN(2) =
GFN(3) = 8, 3is pruned.GFN(4) = 9 and GFN(5) = 10 and both are not pruned. After finding
GFN(6) = 11, 6 sends the information of the unpruned searches to 11. To facilitate 11 to further identif
the MC of the unpruned nodes, we tell 11 the greedy forward neighbors of 2, 4, and 5. That is,

sendsGFN(g,) a list of < ¢,s,,GFN(q) > whereq € Sy, s, is the start angle off and ¢ is not
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pruned. Note that eac&F'N(q) in the list is different and is no&GF N(¢,,). For eachg # g, in the
list, according to Property 27F N(g,,) must be a forward neighbor @¥F N(¢q) and soGF N (g,,) can
identify GFN(GFN(q)) for all q.

Refer to Figure 4, 11 receives< 2, 9,8 >, < 4,54,9 >, < 5,55,10 >, < 6,56, 11 >>. GFN(8) = 11
and so 2 is pruned=F N(10) = GFN(11) = 13 and we should prune one of them. Since 5 starts earlier
than 6 (i.e.s; < sg), we should eliminate 6. To allow 11 to determine this, we also put the starting angles o
¢'s in the message. In this case, 11 can prune 6. 9 is not pruned and 1ksends,, 12 >, < 5, s5, 13 >>
to Node 13. In other words, the list being passed around the nodes consists of entries in the form
< q,84,GFN*(q) > whereq € S, and ¢ is not pruned.k in the entry is related to how many hops
that message has gone through. For example(6 in our example) sends out ¢, s,, GFN(g) > and
GFN(qy) (11 in our example) sends owt g, s,, GFN?(q) >.

The search can stop when the message goes around the perimeter and returns back to the starting 1
That is, upon receiving the entry ¢, s,, f >, the node realizes thatis a forward neighbor off. For
example, when 13 receives< 4, s4,12 >, < 5, 55,13 >>, it finds that 5 is a forward neighbor of 13, it
knows thatM C(5) is an MC. 13 can inform 5 that it is in an MC and 5 can launch the real search of
minimum cover.

In our algorithm,q,, starts the search by sending out a messag€ £V (¢,,). Only nodes that are
GFN¥(q,,) for 0 < k < |MC(q,)| would receive a message and send out a message. Besides, each en
< q,54, f > in the message received By N*(q,,) satisfiesf = GFN*(q). Algorithm 1 illustrates what
GFN*(g,) should do when it receives the search message. For a forward neight@t/6f(g,,,) which
overhears the search message fl@#N*(q,,), it determines that it is not in any/C' in case it does not

present ing or f of any entry< g, s,, f > in the search message.

D. Proof of Correctness

Lemma 2 In our algorithm, the search o#/C(j), j € Sy is pruned byGFN*(q,,) only if there exists
another node € S, such thatM C(:) is not pruned andM C(i)| < |[MC(j)].

Proof:

As discussed in Section IV-C, onlg#FN*(q,,) will be responsible for sending out search message

11



after receiving message/ from GFN*!(g,) which contains<< ¢, s,,, GEN*(q1) >,...< qr, Sq;,
GFN¥(q.) >>. According to Property 1, and Property@F N*(q,,) can find theGF N*+1(¢,), for each
g in M.
From Algorithm 1,GFN*(q,,) will prune the search fod/C(j), wherej € Sy, under two situations.
Case L.GFNF1 (i) = GFN**1(j) ands; < s;, for somei and ;.

Let GFN*1(i) = GFN*1(j) = uz,

MC(i)| = 1 and |[MC(j)| = !'. According to Lemma 1,
{GFN™(i)|0 <m < 1} is anMC(i). Note thatG FN'"1(i) = GFN'"%=2(z). That is, GFN'"*~2(x) is a
backward neighbor afandGFN"~*-2(z) is a backward neighbor gf Sinces; < s;,[—k—2 <1'—k—2
and sol < ['.

Case 2.GFN*(q,,) = GFN*(j) ands; < s,,,, for somej.

Let GEN*(q,,) = GFN*"(j) = =z, IMC(q,,)| = | and [MC(j)| = I'. According to Lemma 1,
{GFN™(¢,)|0 <m <1} isanMC(q,,). Note thatGF N'"!(g,,) = GFN""*"!(z). That is,GFN'~*~1(z)
is a backward neighbor af, andG F N"~*=2(z) is a backward neighbor gf Sinces; < s, ., l'—k—2 <
| — k — 1. However, as we know thatFN"~*~2(z) may also be a backward neighbor gf. (i.e.,
I' =k —2 = 10—k — 1). Otherwise,GFN"~*=2(z) can selectGFN"~*~(z) and which must be a
backward neighbor of,,, (The worst case i§&FN"~*"1(z) is j). Inthat casel —k —1=1—k — 1. As

aresult, we knowthat— k —2<!l'—k—-2andsol <!. W

Lemma 3 In each message sent 6§ N*(¢,,), 0 < k < |[MC(q,,)|, there must exist an entry q, s, f >

such thatM C(q) is an M C.

Proof:

When ¢,, constructs the message in the beginning, at leastqomédere M C(q) is an MC is in the
message. By Lemma Z7F N*(q,,) will prune the search of\/C(j), j € Sy only if 3i € S, where
|MC(i)| < |MC(j)| and the search a¥/C(i) is unpruned. This means thatGfF" N*(g,,,) prune the search
of MC(j) which is anMC, MC(i) which is unpruned is also at/C. As a result, wherGFN*(q,,)
sends< g, s,, f > in messagel for each unpruned/C(q), 3¢ € Sy and an entry< ¢,s,, f > in

messagel/, such thatM/C(q) isanMC. R
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Lemma 4 If GFN*(q,,) receives an entryx ¢, s,, f > in the search messag®/ and ¢ is a forward

neighbor of f, then M C(q) is an MC.

Proof:

If GFN*(q,,) receives an entry: g, s,, f > in which ¢ is a forward neighbor of, the search fo/C(q)

is complete according to Lemma 1, ajid C(q)| = k+1. In this case(F N*(g,,) can prune the search of
MC(p) of other entry< p, s,,, f > in message\/ in which p is not a forward neighbor of. It is because
the searches of thesegC'(p) still need one more node to complete. i|8{C(p)| > k+1 = |[MC(q)|.
By Lemma 3,3¢ € Sy and an entr ¢, s,, f > in messageV sent byGFN*~1(g,,), such thatV C(q)

is an MC. As a result, we can conclude thatGfF' N*(q,,) receives an entry ¢, s,, f > in M, andq

is a forward neighbor of. MC(q) isanMC. R

Theorem 1 Our distributed algorithm is correct.

Proof:

By Lemma 2 and Lemma 3, we prove that our algorithm proceeds with the searthC@f), where

i € Sy, in which at least one unpruned searchMiC(i) is an M C'. Finally, our algorithm terminates
whenGFN*(q,,) receives an entry: ¢, s,, f > in which ¢ is a forward neighbor of . By Lemma 4, we
prove thatM/ C(q) is an MC'. As a result, our algorithm always terminates with an MC found and this

proves that our distributed algorithm is correctl

Theorem 2 Our distributed algorithm terminates wit®(|M C(q,,,)|) number of messages.

The proof of this is trivial. Our distributed algorithm starts wigfy and terminates when any in <

q, 4, [ > is a forward neighbor of . Only GF N*(g,,) will be responsible for sending out search message.
In the worst case, our algorithm terminates with being the forward neighbor of in < g, s,,,, f >.
According to Lemma 1M C(q,,) is found in casey, is a forward neighbor off, so our distributed
algorithm terminates witlD (| M C(g.,)|) number of messages for the search\o’. After the search of
MC, nodes inMC are informed. This also requires anoth@(|A/C(q.,)|) number of messages. As a
result, our distributed algorithm terminates with|M C(q,,)|) number of messages in the worst case.
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V. PERFORMANCEANALYSIS

We compare our proposed algorithm with two other algorithms. The first one is the modification of th
sequential algorithm proposed in [4]. In order to cope with a distributed environment, we designed tt
message format to be passed from one node to another. In each message, there are three main fi
including, B1 which is the first node chosen in the initial covér,which is the size of the initial
cover, GF'N which is the greedy clockwise neighbor selected. In other words, the message format
< B1,k,GFN > and this message will be initiated 1 € S and send t&=F N (B1) until the message
reaches the same node twice or the number of zone developed is equal to the size of initial cover. !
denote this algorithm a&MLL Algorithm The second algorithm considered is the one proposed in [8],
[9] which is very similar to the parallel algorithm proposed in [5]. We denote this algorithBExhaustive
Algorithm
A. Theoretical Analysis

As discussed in Theorem 2, our distributed algorithm terminates @itti/C(g,,)|) number of mes-
sages. However, thExhaustive Algorithnierminates withO(|M C(g.,)||So|) number of messages. It is
because their approach requires each npde S, to initiate the search foA/C(q) individually. This
results in high message overheads in terms of number of messages. On the oth&Nahd\Igorithm
can be initiated by any node and adopted an approach in which visiting the same node twice indicating tl
a termination decision can be made. In that case, their approach, in fact, also réqUivss (q,,)||So|)
number of messages in the worst case. As a result, we can conclude that our distributed algorithm perfol
better than that oExhaustive Algorithmand GMLL Algorithm in terms of the number of messages

theoretically.

B. Simulation Results

In the simulation, a simulation environment similar to the one adopted in [8] was used. In our simu
lations, we considered a grid size & units x30 units, in which every grid has a probability 6f8 to
contain a sensor. Each sensor will have a certain sensing range. The target object is located at the ce

(15,15) with the object radius, which can be regarded as the size of the object, defined in our simulatio
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Two performance metrics will be used in our simulations. The first one is the total number of messag
required to find the minimum cover. The second one is the average time (in terms of number of messag
required for a node to determine whether it is in the minimum cover. The rationale behind the first metr
is trivial as the larger the number of messages, the larger will be the amount of energy required to transn
On the other hand, the rationale behind the second metric is that in wireless sensor networks, most of
energy of a node is dissipated in idle mode instead of transmit or receive mode. As a result, the earl
the node can determine whether it should be included in the minimum cover, the sooner it can turn its
into the energy-saving sleep mode if it is not in MC.

1) Effects of the Sensing RangEigure 5 illustrates the number of messages required for different
algorithms to find MC in different sensing ranges. The target object is located at the center of the gr
with a radius of 11. Generally speaking, the larger the sensing range, the smaller the MC will be to cov
the target object. Since our algorithm is guaranteed to find MO(igize of the minimum covemumber
of messages, the smaller the number of nodes required to cover the perimeter of the target object,
smaller will be the number of messages required. As a result, the number of messages required to find |
in our proposed algorithm decreases with the increase in sensing range. On the other hand, the nun
of messages required to find MC HExhaustive Algorithmncreases with the sensing range. The main
reason is that the algorithm requires all the nodes passing thi@ughinitiate and find MC(i), where
1 € Sy. The larger the sensing range, the larger will be the amount of nodes passing thfcargh this
results in the increase in the number of messages. FOGMEL Algorithm we notice that the number
of messages required to find MC increases with the sensing range at the beginning and then decre
afterwards. There are two termination conditions @VILL Algorithm the first one is that the same arc
is considered twice and the second one is that the number of zones equal to the size of the initial co
developed. Generally speaking, when the sensing range is small, the choice of replaceable node in te
of cover range is limited and so it is easier to meet a node twice. At the same time, the increase in t
sensing range also leads to the decrease in the number of nodes required to cover the target and this |
to the decrease of the number of messages required at the beginning. However, when the sensing r:
is increased up to a certain point, the number of replaceable nodes for the cover range becomes large

it becomes difficult to meet the same node twice. As a result, the number of messages required increa
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Figure 5 also illustrates the average time required for a node to determine whether it is included in M
Generally speaking, the trends of all the curves are still the same as that of the number of message:
find MC. However, inExhaustive Algorithmall the nodes passing through are assumed to start at the
same time to find MC, so the nodes passing throdfgkhould findA/C (i) nearly at the same time, and
then compare the results among themselves to determine MC. As a result, the time in terms of numl
of messages is much less than that of finding MC. On the other har@MioL Algorithm a node can
only determine whether it is in MC after a node $j starts the real search for MC, i.e., a node starts
informing others after it concluded that it is in MC. As a result, the average time is generally a little bi
less than that of finding MC. In contrast, in our proposed algorithm, some of the nodes can conclude tt

they are not in MC in the search message. As a result, the average time is generally half that of finding M

2) Effects of the Object Radiugigure 6 illustrates the number of messages required for different
algorithms to find MC in which the target object is of different size. Under this simulation, all the nodes
are assumed to have a sensing rangé lotinits. Generally, the larger the object radius, the larger the
object size, and the larger amount of nodes is required to c#erof the object. As a result, a larger
amount of messages is required to find MC due to the larger size of the target object. All the simulats
algorithms exhibit increase in the number of messages when the object radius increases. Our propa
algorithm requires the least amount of messages as each message includes all the necessary inform
to find possibleM C(1), for i € Sy and onlyO(|MC(q,,)|) number of messages are required to find MC.
On the other hand, thExhaustive Algorithnmequired to largest amount of messages to find MC as every
nodes passing througlf are initiating the search a¥/C' (i), wherei € Sy. Last but not leastGMLL
Algorithm achieves larger amount of messages than our proposed algorithm but much less than that
Exhaustive Algorithmras GMLL Algorithmtries to look for MC(i), wherel < i < N and it will terminate
when it can determine MC is found.

Figure 6 also illustrates the average time for a node to determine whether it is in MC. The algorithr

also exhibit similar trend as that of the number of messages required to find MC.
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VI. CONCLUSION AND FUTURE WORK

One of the typical applications of sensor networks is to solve coverage problems. Several comm:
coverage problems are briefly discussed in this paper. In this paper, we focus on the angle/perime
coverage problem in which a large target object is located in the center and multiple sensors are expec
to collaborate to monitoB60° of this object. This coverage problem is very different from that of some
common coverage problems in which a certain area or point are to be monitored instead.

The angle/perimeter coverage problem in fact is very similar to that of circle cover problem in circular
arc graph. To the best of our knowledge, we are the first to propose a distributed algorithm to solve t
circle cover problem of the circular-arc graph with{|size of the minimum covér number of messages
together with the proof of correctness. With the help of broadcasting nature of the wireless medium, o
proposed algorithm allows those sensors which overhear the search message to determine whether
are possible candidates for MC so as to turn into sleep mode as soon as possible once they deterr
they are not.

To investigate the performance of our proposed algorithm, we compared our solution with two othe
algorithms —GMLL Algorithm and Exhaustive Algorithmin fact, theGMLL Algorithmis a centralized
sequential algorithm and we have modified it to suit the distributed environment by adopting an approprie
message format. On the other hand, Exdaustive Algorithnis known to be the first distributed algorithm
proposed without a formal proof of correctness and it is very similar to that of a centralized paralle
algorithm as stated in this paper.

Through extensive simulations, it is found that our proposed algorithm performs better than that «
the GMLL Algorithm and Exhaustive Algorithnmin terms of number of messages required to find MC
and the average time required for a node to determine whether it is in MC. In the future, we woul
like to further develop a distributed algorithm for the minimum cost circle-cover problem in circular-arc
graph and investigate the possibility of using broadcast nature of wireless medium to further improve tl

performance of the existing centralized and distributed algorithms proposed to solve this problem.
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Algorithm 1 Nodeq receives message< qi, s1, f1 >, ... < S, Sr, fr, >>

1: Precondition:

2: ¢ = GFN*(q,,) for somek.

4: s; = sq,

5: /* Check whether an MC is identified. */

6: fori=1toLdo

7. if g; is a forward neighbor off; then

8: I* MC(¢;) is an MC. */

9: Inform ¢; to start the real\/C search and terminate.
10: endif

11: end for

12: /* Determining whether search @ C(g;) can be pruned. Initially, assume all the searches cannot be pruned. */
13: for i=1to L do

14:  [* PruneMC(g;) if GEN(fi) =q. */

15. if ¢ = GFN(f;) then

16: PruneM C(g;).

17: Continue

18: end if

19: forj=1toL do

20: if ¢ £ 7 and MC(q;) and M C(q;) have not been prunetthen
21: /* Check if they share the same greedy forward neighbor. */
22: if FN(f;) =GFN(f;) then

23: pruneMC(q;), if s; < sj;

24: pruneM C(q;), otherwise.

25: end if

26: end if

27:  end for

28: end for

29: [* Send the unpruned search &fC(q;) to GFN(q). */
30: Send<< gi, s;, GFN(f;) >> to GFN(q) for every M C(g;) that has not been pruned.
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