Coverage Problem for Sensors Embedded in
Temperature Sensitive Environments

Arunabha Seh Nibedita Das, Ling Zhou', Bao Sheh, Sudheendra Murtiyand Prajesh Bhattacharya
*Department of Computer Science and Engineering
Arizona State University, Arizona 85281
Email: {asen, nibedita.maulik, ling.zhou, bao, sud®iasu.edu
fG.W. Woodruff School of Mechanical Engineering
Georgia Institute of Technology, Georgia 30332
Email: prajesh.bhattacharya@me.gatech.edu

Abstract— The coverage and connectivity problem in etc. Recently, there has been an immense interest in
sensor networks has received significant attention of the new sensing, monitoring, wearable wireless devices and
research community in the recent years. In this paper, we sensor networks for healthcare and clinical applications.
study this problem for sensors deployed in temperature This jncreased interest and importance of the emerging
sensitive environments. This paper is motivated by the o4 i gemonstrated by the successful conclusion of

issues encountered during deployment of bio-sensors in . .
a human/animal body. Radio transmitters during oper- the third IEEE International Workshop on Wearable and

ation dissipate energy and raise the temperature of its /Mplantable Body Sensor Networks [3]. Among many
surroundings. A temperature sensitive environment like Other applications of biomedical sensor networks, the
the human body can tolerate such increase in temperature one that pertains tartificial retina [4] deserves special
only up to a certain threshold value, beyond which serious attention. The authors in [5] note that “organs that are
injury may occur. To avoid such injuries, the sensor especially sensitive to any temperature increase due to a
placement must be carried out in a way that ensures the |ack of blood flow to them are prone to thermal damage
sur_roundmg temperature to remain Wlthln the thresh_old. (e.g., lens cataracts)”. The authors in [6] also emphasize
Using a thermal model for heat distribution from multiple o4, 0 06 rtance of considering possible health hazards
heat sources (radio transmitters), we observed that if the o . i .
sensor nodes are placed sufficiently apart from each other, fPr individuals exposed to EM field and identify the EM
then the temperature of the surrounding area does not field values that is safe for human body. The authors
exceed the threshold. This minimum separation distance in [1] note that heat build-up from the sensor electronics
constraint gives rise to a new version of the sensor coveragecan jeopardize the implantation of the sensor, as elevated
problem that has not been studied earlier. We prove that temperature may cause infection, especially when the
both the optimization version and the feasibility version jmplanted sensor becomes a haven for bacteria.
of the new problem are NP-complete. We further show  An example of a bio-medical sensor network currently
that an e-approximation algorithm for the problem cannot e i clinical situations [7] is shown in figure 1.
exist unless P = NP. We provide two heuristic solutions for As seen in the figure, the geodesic Sensornet has a
the problem and evaluate the efficacy of these solutions ] .
by comparing their performances against the optimal large numbe'r Of_ ergs F:onnectlng th_e sensors to the
solution. The simulation results show that our heuristic controller. This situation is clearly unwieldy. Efforts are
solutions almost always find near optimal solution in a currently underway to replace the wired sensor network
fraction of the time needed to find the optimal solution. by a wireless one in many universities and research
Finally, an algorithm for forming a connected sensor |aboratories. The formation of a network with implanted
network \_/vith m.inimum transmission power in such a sensors on human or animal body poses a number of
scenario is provided. challenges. Firstly, the biomedical sensors cannot be
implanted in any arbitrary location of the body. The
placement of the sensors has to be confined within a
set of potential locations. Secondly, the placement must
A biomedical sensor is a device, which is implantebe done in such a way that the increase in temperature
in a human or animal body to monitor and transmdue to the operation of the sensors (radio transmitters) is
biological information such as retinal pressure [1], oxywithin an acceptable limit. Although such implantation
gen level on the surface of exteriorized tissues [Ppses many challenges, the researchers in our bioengi-
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neering department have already implanted such sensors
in monkey brain. It is anticipated that such implantations
will become fairly regular in the next few years.
Although the coverage and connectivity problems in
sensor networks have received considerable attention
from the research community in recent years [8]-[13],
to the best of our knowledge, sensor placement aRd. 1. Geodesic Sensor Network for measurement of EEG
coverage problems for a temperature sensitive environ-
ment have not been studied earlier. Clearly, the area
surrounding the location of a sensor will observe &ld, the surrounding temperature can still exceed the
increase in temperature due to the operation of tH&reshold if multiple sensors operate at close proximity
sensor and its radio transmitter. However, increase @ one another. However, if the sensors are placed
temperature in such sensitive areas cannot be allowtficiently apart from each other (beyond a critical
to exceed a specified threshold. The introduction of thi§Paration distance), then the temperature increase will
thermal constraint makes the coverage problem aloffnain below the threshold. Due to the page limitations
Considerably more Complex than Similar problems Stuand the fOCUS Of thIS Conference, deta“ed diSCUSSiOﬂ
ied in [8], [10], [12]. on the heat transfer process in the human body is not
In the sensor network literature, there exists two diffefdcluded in this paper. Interested readers are referred to
ent versions of the coverage problem [11]. In thgion- Our report [16]. The main conclusion of our heat transfer
CoverageversiorL the problem is to find the Optimaﬂ.nalySiS is the fO”OWing:There exists a critical inter-
placement of the sensors so that the given region(s)$§nsor distanced.., such that if the distance between
interest can be sensed. On the other hand inpthiat- @ny two deployed sensors is less thdp, then the
coverageversion, the problem is to find the optimafemperature in the vicinity of the sensors exceeds the
placement of the sensors so that a set of pre-speciffe@ximum allowable temperatur€,,csnoqa- Therefore,
points can be sensed. The version of the coveragéention must be paid during sensor deployment to
problem discussed in this paper is different from eith&nsure that the distance between any two sensors is at
the region-coverage or the point-coverage problem. Né@@st as large asi.
constraints are imposed due to the fact that (i) the sensord his conclusion from our thermal analysis leads to
cannot be placed in any arbitrary location if the sensitfe formulation of a new version of the sensor coverage
region happens to be the human/animal body and (ii) tREoblem. In this version, one would like to find out
sensors cannot be placed very close to each other astffe fewest number of sensors that have to be placed
increase in temperature due to their joint operation m#y the region of interest, such that (i) the entire region
exceed the acceptable threshold temperature and calfsiterest is sensed and (i) the distance between any
thermal impairment. two sensors is at least as large as the critical separation
Fowler et. al. in [14] showed that sensor coveragélistance. The introduction of the requirement (ii) adds a
problems are NP-complete. Hochbaum in [15] develop8&W dimension to the sensor coverage problem resulting
approximation schemes for these NP-complete problerffs additional complexity.
Coverage and connectivity problem was studied in anThe contributions of this paper are as follows:
integrated fashion in [10], [12], [13]. The authors in 1) We introduce a new version of the placement and
[12] presented a Coverage Configuration Protocol that coverage problem for sensors in a temperature
provides different degrees of coverage depending on the sensitive environment.
needs of the applications and explored the relationship2) We prove that both the optimization version and

between coverage and connectivity. Abraghsal. in [8] the feasibility version of the new problem are NP-
developed a strategy for energy efficient monitoring of  complete.
wireless sensor networks. 3) We show that am-approximation algorithm for the

In this paper, we present our findings on the placement problem cannot exist unless P = NP.
and coverage problem for medical bio-sensors implanted4) We provide an integer linear programming formu-
in human/animal body. We thoroughly analyzed the lation for the optimal solution of the problem.
heat distribution phenomenon in a temperature sensitives) We provide two heuristic solutions for the problem
environment like human body. Our analysis indicates that and evaluate the efficacy of these solutions by
even if the temperature increase due to the operation of comparing their performances against the optimal
an isolated sensor remains below the allowable thresh- solution. The simulation results show that our



heuristic solutions almost always find near optimahaded region in the figure. It may be noted that no two
solution in a fraction of the time needed to find theodes in this set have a line between them, indicating
optimal solution. that the distance between them is at least as largk,as

6) We also propose an algorithm to maintain a con-
nected network with the required coverage in such
temperature sensitive environments.

Before proceeding further into the details of our work,
we would like to draw the reader’s attention on three
points regarding the results presented in this paper.
Firstly, in our simulation experiments, we have assumed
a circular sensing region associated with each sensor.
However, the heuristic solutions proposed in this paper
do not assume the sensing region to be circular and
can be used with any irregular shaped sensing regi®iy. 2. Potential sensor locations, sensing points and sensing disk
Secondly, although the problem studied in this paper
was motivated by an application of sensors in a tem-Formally, the decision version of our sensor coverage
perature sensitive environment, our results are equatisoblem can be stated as follows:
applicable in other domains that have a requirement fBroblem 1: Sensor Coverage Problem (SenCov)

a minimum separation distance between any sensor ndld8TANCE: Given (i) a set of point® = {p1,...,pm}

pair. Finally, we point out that due to the minimunto be sensed (we will refer to these pointsége points)
separation distance constraint, performance bound of {iig a set of points@Q = {qi,...,q,}, the potential
form (O(log N)) given in [10] for the connected sensoplacement locations of the sensors (we will refer to these
cover problem cannot be obtained for this problem unlegsints asgreenpoints)

P = NP. (i) sensing radius-,, of the sensors

(iv) critical separation distanceé.,

(v) an integerkK

QUESTION: Is there a subs€)’ C @, such that

() Q' < K,

In the_ sensor placement and_ coverage probl_em d(ﬁ) Vpi € P, 3¢; € Q' such thatdist(p;, ¢j) < rsen,
cu_ssed in this paper, we have (i) a set .of Ioca‘glons (gﬁ) Vai, g € Q' dist(qi,q;) > der
pointsp;) to be sensed, (i) a set of potential locations (Qfhere dist(x,y) represents the Euclidean distance be-
pointsg;) for placements of sensors and (iii) a minimumyeen the points: andy.
separation distancel(;) between each pair of Sensors. |n the optimization version of the problem, the input
The goal is to deploy as few sensors as possible dges not have the parametar and the objective is to

potential placement locations such that all poiptsare  fing the smallesf such that the conditions (ii) and (iii)
sensed and no two sensors are closer thanLike most e satisfied.

of the previous studies in this area [9], [11], [13], we

assume that each sensor is capable of sensing a circular )

area (disk) of radius,., with the location of the sensorA' Sensor Coverage as Generalized Set Cover Problem
being the center of the circle. We assume that the sensindgt may be noted that the sensor coverage problem
radius of all the sensors are identical. An example described above can be viewed as a generalized version
the coverage problem is shown in figure 2, where tlué the set coverproblem as well as thendependent set
circular nodes represent the points to be sensed (bjweblem [17]. These two problems have been studied
points), the square nodes represent the potential losatientensively. However, to the best of our knowledge, the
of the sensors (green points) and circles represent tfeneralized version of the problems as presented in this
area sensed by the sensor located at the center of paper have not been studied before.

circle. A line connecting two square nodes indicates thatThe sensor coverage problem can be transformed to
the distance between them is less than the minimuhe generalized set coverage in the following way. Each
separation distancé.. and a sensor can be deployetilue point p; in the instance of the sensor coverage
in at most one of these two locations. A solution to thgroblem can be viewed as the elemgnto be covered in
problem consists of selecting the locations b, c, d, f,the instance of the set cover problem. Corresponding to
for sensor deployment whose coverage is shown by theeen point; in the instance of the the sensor coverage

Il. PROBLEM FORMULATION FOR SENSOR
COVERAGE



problem, we can construct a subsgtin the instance of C. Feasibility issue in GSC and GIS Problems

the set cover problem. The s} will comprise of the _
elementss;, if the dist(p;, q;) < reen. The generalized In section II-B, we formulated the SenCov problem as

version of the set cover introduced in this paper also h&§ GSC problem. In the optimization version of the GSC
a notion of aa collection of incompatible subsefswo Problem, the goal is to f'”d,the smallest subSet S,
subsetsS; and S; are said to bencompatible if the Suchthat (ilVs; € 5,35y € &', such thas; € .5, and (ii)

Euclidean distance between the corresponding paints’t 9i:Sj € S’ then(S;, S;) ¢ INC. Since the optimiza-

Otherwise, the subset; and S; are compatible GSC reduces to SC whehVC = {), we can conclude
The generalized set cover problem is specified H@tthe GSCis also NP-complete. This conclusion leads
follows: us to look for approximation algorithms for GSC with
Problem 2: Generalized Set Cover Problem (GSC) 9uaranteed performance bound, especially because it is
INSTANCE: (i) a set of elements = {s1,. .., sm}, well known that such approximation algorithms with
(ii) a collection of subsets; C 5,8 = {S;,...,S,}, 9uaranteed performance bound exists for SC [15]. It may
(i) a collection of tuples of incompatible subset®€ noted however that although the problems SC and
INC ={(Si,,5;,), (Sis: Si)s -5 (S, 9;.)} GSC are very similar, they have a major difference. To
(iv) an integerk illustrate the point, we introduce tHeasibility version
QUESTION: Is there a subs& C S, such that of the SC (SCF) and GSC (GSCF) problems. The SCF
i) |8’ < K and GSCF problems are special cases of the SC and
(ii) Vs; € §,35; € &', such thats; € S}, GSC problems respectively, whéet = co. In a similar
(iii) if S;,S; € S then(S;,S;) & INC. fashion, we can consider tHeasibility version of the

GIS (GISF) and SenCov (SenCovF) problems as special

B. Sensor Coverage as Generalized Independent Sases of the GIS and SenCov problems respectively,
Problem when K = oc.

The Sensor Coverage problem can also be viewed adt may be noted that the SCF problem can be solved
a generalization of the Independent Set problem [17].€asily by including in the sef’ all the elements of

The sensor coverage prob|em can be transformedtl‘f@ setS and checking if it covers all the elements of
the generalized independent set problem in the followifige setS. However, GSCF cannot be solved in such a
way. From an instance of the sensor coverage problelfivial fashion because of the incompatibility among the
we can construct a gragh = (V, E) where each node in elements of the se. In fact, in the next section we show
V represents a green poigt and two nodes;, v; € V that the GISF problem (and equivalently the GSCF and
have an edge between them if the distance between #fNCovF problems) is NP-complete.
corresponding pointg; and g¢; is less than the critical The NP-completeness of GISF (together with equiva-
separation distancé... In addition, with each node; € lent GSCF and SenCovF) problem puts a brake on our
V, we associate a list of blue points. A blue pointp; attempt to develop an approximation algorithm for the
will be in the list associated the nodeg (representing GSC problem with a guaranteed performance bound. In
a green poiny;), if and only if the Euclidean distanceorder to avoid the problem, we introduce a modified
between the pointg; and g¢; is less than the sensingversion of the GIS problem (GISM) whose goal is to find
radiusrs.,. The generalized independent set problem ige smallest independent sét, whose|U,,cy+ L(v;)] is

specified as follows: the largest. Informally, the goal of the GISM problem is
Problem 3A: Generalized Independent Set Problem to find an independent set that covers the largest number
(GIS) of blue points (points to be sensed) with smallest number
INSTANCE: (i) a graphG = (V, E) of green points (sensors). It may be noted that unlike the
(i) a set of elementsA = {ay,...,a,} and GISF problem, feasibility is not an issue for the GISM

(iii) a subsetA; C A associated with each nodec V. problem. Before we formally define the GISM problem,
We will refer to the subsefi; as list associated with; we introduce the notion afostof an independent sét’
and will denote it byL(v;). We assumeJ,.cy L(v;) = A. as follows:

(iv) an integerk. C(V") = (|Uy,ev L(vi)| = | Up,ev: L(vi)| + ) x [V'],
QUESTION: Is there an independent $€tin the graph where« is a number much smaller than'n. (note: V'

G = (V, E) such that is the set of nodes in the graph with| = n, V' is an

() |V'| < K and independent setv is introduced to handle the case when

(i) Uy ev:L(vi) = A | Uviev L(wi)| = | Uy,evr L(wi)])



Problem 3B: Generalized Independent Set Problem Phase Ill: For each clause; € C, let the three literals

(Modified) (GISM) in ¢; be denoted by;,,cj,,cj,. In this phase, we do
INSTANCE: (i) a graphG = (V, E), (|V| =n) not introduce any nodes, but introduce three additional
(i) a set of elementsA = {ay,...,a,} and edges, corresponding to each cladge

(iii) a subset4; C A associated with each nodec V' EY = {{a1[j], ¢;, },{azlj], ¢, }, {as[s], ¢js } }

We will refer to the subsefl; as list associated with; This concludes the construction of our instance of the

and will denote it byL(v;). We assume),.cy L(v;) = A.  GIS, with graphG = (V, E'), where

In the optimization version of the GISM problem wé/ = (U_,V;) U (U;?ZIV}’) and

try to find an independent sét’ whose costC'(V) is E = (U_,E;) U (U?:1E}) U (U?:1E}')

the smallest and in the decision version of the problem,whereg andh corresponds to the number of variables

we ask if there exists an independent Bétwhose cost and clauses of the instance of the 3-SAT problem respec-

C(V) is less than 1. Formally, tively. The instance of the grapghl = (V, E)) constructed

QUESTION: Is there an independent $€tin the graph using the rules specified above will ha2e+ 3h nodes

G = (V, F) whosecostis less than 1 (i.e¢'(V’) < 1)? andg + 6h edges. Figure 3 shows the instance of the

GISF constructed from an instance of 3-SAT whére-

IIl. COMPUTATIONAL COMPLEXITY OF THE SENSOR 141,42, U3, ua} @ndC' = {{uy, u3, ua}, {u, up, wa}}. It~

COVERAGE PROBLEM may be noted that this construction can be completed in

. . . polynomial time.
In this section, we first show that the GISF problem

is NP-complete.
Theorem 1: The GISF problem is NP-complete.

Proof: We give a transformation from the 3-
Satisfiability (3-SAT) problem [17]. It may be noted
that an instance of the 3-SAT problem is made by a
set of variabled/ = {u,...,u,} and a set of clauses = *% b 20
¢ - {Cl’ o ’Ch} and \_Nant to find out if there is a trUthFig. 3. Instance of the GISF constructed from an instance of 3-SAT
assignment to the variables insuch that all the clausesynerers — {ur, us, us, ust andC = {{us, s, da}, {101, ua, ws} }
in the setC' are satisfied?

From an instance of the 3-SAT problem, we generateClaim 1: The instance of the 3-SAT problem has a
an instance of the feasibility version of the GISF probleruatisfying truth assignment if and only if the instance of
and show that the GISF problem has a feasible solutiqRe the GISF has a feasible solution.
if and only if the instance of the 3-SAT problem is satis- Definition: The node covernf a graphG = (V, E) is
fiable. The graph in the instance of GISF is constructedsubseti”” C V, such that all edges it have at least
in three phases. one end point in the sédt’.

Phase I:For each variable;; € U, we construct part of  As a step towards showing that the instance of the 3-
the graphG by introducing two node¥; = {u;,u;} and SAT problem has a satisfying truth assignment if and
one edgel; = {{u;,u;}}, that is two nodes joined by aonly if the instance of the the GISF has a feasible
single edge. Each node in the instance of GIS will hagglution, we first establish that the instance of the 3-
a list of elements associated with it. In the instance WV8AT problem has a satisfying truth assignment if and
are creating, the list of elements associated with badily if the instance of the the GISF has a node cover of
the nodesu; and u; will contain a single element;, size at mosy + 2h.

i.e., L(u;) = L(u;) = {x;}. It may be noted that any Claim 2: The instance of the 3-SAT problem has a
independent set will contain at most one node from thatisfying truth assignment if and only if the instance of

set{u;, u;}. the the GISF has a node cover of size at mpst 2A.
Phase IlI: For each clause; € C, we construct a part Moreover, this node cover must contain exactly one node
of the graph with three nodes and three edges. from eachV;, 1 < ¢ < g and exactly two nodes from each
v/ = {alj], aslj, as ]} Vi1<i<h
E = {{a1lj], a2[jl}, {aa[5]; aslil}, {azli], asli]}} Proof of Claim 2:The proof of this claim is given in

In addition, we assigiL(a1[j]) = L(az[j]) = L(as[j]) [17] (pages 54-56) and is not repeated here for brevity.
={y;}. Proof of Claim 1:In any graphG = (V, E), if V' is a

It may be noted that an independent set will contain abde cover, the — V' must be an independent set. If
most one node from the sét; [j], a2[j], as[j]}- the instance of the GISF has a node cover of gize2h



that contains exactly one node from eddéhl < i < ¢ Claim: If there exists a polynomial timeapproximation
1

and exactly two nodes from eadf}’,l < i < h, then algorithm APP for the GISM problem withe < -,
the instance of the GIS must also have an independdmtn the GISF problem (proven to be NP-complete
set of sizeg + h that contains exactly one node fronmearlier) can be solved in polynomial time.
eachV;,1 < ¢ < n and exactly one node from each The optimization version of the GISM problem finds
V/,1 <4 < m. It can be easily verified that the unioran independent set” of minimum costC(V’). The
of the lists associated with the nodes belonging to thagproximation algorithmAPP returns an independent
independent set will be equal tof_,z; U UM y;. This setV” with a cost valueZ(V"”). If C(V") < 1, we know
independent set thus constitutes a feasible solution fbat the instance of the GISF problem has an independent
the GISF. Thus we can conclude that if the instance sét V" such thatU,.cy~L(v;) = A. If C(V") > 1,
the 3-SAT problem has a satisfying truth assignment, the know that the instance of the GISF problem has no
instance of the GISF problem has a node cover of sizglependent seat/ such thatJ,,cyL(v;) = A.
g+2h, which in turn implies that there is an independent The reason for the last statement is the follow-
set of sizeg+h and the union of the lists associated witing. Suppose (if possiblel’(V") returned by thee-
the nodes in this independent set is equalfo,z; U approximation algorithm APP (witlh < %) is greater
Ut yi. than 1, but the instance of the GISF problem has an

Conversely, if the instance of the 3-SAT problenndependent seV’ such thatu,,cy L(v;) = A. If the
has no satisfying truth assignment, then the size of thstance of the GISF problem has an independent’$et
smallest node cover in the instance of the GISF problestich thatU,,cy L(v;) = A, then the optimal algorithm
is greater thary + 2h. This implies that in the instanceOPT would have returned an independent set with cost
of the GISF problem, size of the smallest independeat mostna, wheren is the number of nodes in the
set is smaller thary + h. It may be observed thatgraphG = (V, E) anda is a number much smaller than
the union of the list associated with the nodes of al/n. In this case, the ratio between the objective value
independent set of size smaller than- h cannot be returned by the approximate algorithm APP (greater
equal toU?_,z; U UM y;. Thus, if the instance of thethan 1) and the objective value returned by the optimal
3-SAT problem has no satisfying truth assignment, ti@gorithm OPT (at moskc), is not bounded by as
instance of the GISF problem has no feasible solutior. < i contradicting the existence amapproximation
Theorem 2: The GISM problem is NP-complete. algorithm.
Proof: The transformation is from the GISF problem.
The instance of the GISM problem constructed is exactly V.- OPTIMAL SOLUTION FOR THESENSOR
the same as the instance of the GISF problem. It is not COVERAGE PROBLEM
difficult to verify that the instance of the GISF problem From the discussion in section 2, it is clear that the
will have an independent s&t in the graphG = (V, E) Sensor Coverage problem is equivalent to Generalized
such thatu,,cyL(v;) = A, if and only if the instance Set Cover problem. The optimal solution for the Gener-
of the GISM problem has an independent Bétwhose alized Set Cover problem can be obtained by solving an
costis less than 1. This proves that the GISM problenmteger Linear Program (ILP). The ILP formulation of
is also NP-complete. the GSC problem is given below.

From an instance of the GSC, first construct & %
matrix A whose entries are either 0 or A(7,j) =1 if
the elements; is a member of the subsel;, otherwise

In this subsection we show that no polynomial timg(i,j) =0.
e-approximation algorithm [17] can be developed for the We will use an indicator vectox = {z1,...,zx}"
GISM problem unlesg® = NP. to indicate if the subses; is in the final solution set
Theorem 3: Unless P = NP, ne-approximation algo- S’ or not. Accordingly,z; = 1 iff S; € S’ andz; = 0
rithm exists for the GISM problem with < L (« is a otherwise. The ILP formulation of GSC is
number much smaller thatyn). Minimize )" , x;, subject to the constraints
Proof: Suppose that there exists a polynomial tiee (i) Ax > 1, and
approximation algorithmAPP for the GISM problem (ii) Vz;,z;,z; +x; < 1if (S;,5;) € INC.
with € < % This implies that for any instanck of the The optimal solution to the GISM problem can
GISM problem, ratio between the approximate solutidme found by solving the following integer non-linear
for the instancel, APP(l), and the optimal solution,(quadratic) programming problem. Corresponding to ev-
OPT(I), is bounded by. ery nodev;, we will have one binary variable;. The

A. Hardness of approximation of the GISM problem



variablez; takes value, if v; is part of the independentAlgorithm 1 heuristic_generalized_set_cover
setV’ and 0 otherwise. Corresponding to every element: initialize

a; € A, we will have one binary variablg. The variable Set-of-Free-Columns= {51, ..., Sk}

y; takes valuel, if a; € L(v;) andv; is part of the ggi:gi:ggg'éf:fggdm;%
independent sel’’. The variabley; is 0 otherwise. The

. o 2. repeat
IQP for the GISM s the following: :  Find the column with highest selection merit in Set-of-

_ 3
Minimize (m — 37" yi + ) X _(Z?:l z;) (o IS a Free-Columns
number much smaller tharyn), subject to the following 4:  Identify the set of incompatible columns for this column

constraints 5.  Move the highest selection merit column to Set-of-

() >z >1 Selected-Columns

(i) Vi,7, zi+x; < 1if (v5,v)) € E. 6: Move the incompatible columns to Set-of-Blocked-

i) Vi, y; < x; WhereV; = {v; : a; € L(v;)}. Columns

Eiv; Vi fz Zj E:B/G{/ ‘ i =i a (vi)} 7. if addition of this new column to Set-of-Selected-
y My Jr T .

Columns creates any redundant coluntimsn
Move the redundant columns to Set-of-Free-
Columns in decreasing order of their redundancy

We can convert the above integer non-linear program.
ming problem to an integer linear problem by introduc-

ing a new binary variable; ; that is equal to 1 when merit
r; = 1 andy; = 1, and O otherwise. The ILP is given o; Move the incompatible columns corresponding to
next. the set of redundant columns from Set-of-Blocked-
Minimize (m + a) x (327 i) — D20q D78y 2i), Columns to Set-of-Free-Columns
wherea is a number much smaller than'n. 10:  end if
o bzl S it
(i) Vi g, wi 4wy <1 it (vi, v;) € . 14:  if Set-of-Free-Columns is emptiien
(!II) V?, Yi < Zwe% x; whereV; = {v; : a; € L(v;)}. 15: Go to step 21
(V) Vi, j, zi +y; > 22 5. 16:  end if
(V) V4,3, i, Yi, 2ij = 0/1, 17: if Set-of-Free-Columns contains only columns with
zero meritthen
V. HEURISTICS FOR THESENSORCOVERAGE 18: Go to step 21
PROBLEM 19:  end if

0%91 until SetS is coveredor

We showed that th nsor Cover Problem
e showed that the Sensor Coverage Proble Set-of-Free-Columns- () or

be viewed as a Generalized Set Cover Problem. There Set-of-Free-Columns contains only columns with
exists a number of heuristic solutions for the Set Cover zero merit

problem. We will tailor one such algorithm [18] to Suity1: print Set-of-Selected-Columns and the elements of the set
our needs to solve the sensor coverage problem stated ins covered by these columns

the form of Generalized Set Cover problem. It may be
recalled that the Generalized Set Cover (GSC) Problem
is specified by (i) a set of elements= {s1, ..., s,}, (ii)

a collection of subsets; C S,S = {S1,...,Sk}, (i) S1,...,Sk) can be in exactly one of the following three
a collection of tuples of incompatible subsdt&’C = states:selected, blocked, freé column is classified as
{(Si,,S5,), (S, S}5),---,(S;,,5;5,)} and the goal is to selectedif it is selected by the algorithm to be part
find the smallest subs&’ C S, such that of the cover. A column is classified ddocked if it

(i) Vs; € S,3S, € &, such thats; € S;, and is incompatible with a selected column. A column is

(i) if S;,8; € &, then (S;,S;) ¢ INC. From an free if it is neither selected nor blocked. Theenefit
instance of the GSC, we can constructram k& matrix associated with a column is measured by the number
A whose entries are either 0 or 4(i,j) = 1 if the of uncovered elementssy;...,s,) (at that time) that
elements; is a member of the subsef;, otherwise will be covered by the selection of that column. The
A(i,j) = 0. We present two different greedy heuristicpenalty associated with a column is measured by the
for the solution of the GSC problem. Both the heuristiasumber of columns that will be blocked (at that time)
select one column after another of matrlxwith a goal by the selection of that column. Both the heuristics use
of covering the largest number of element of the Set selection-meriaissociated with a column for selecting the
It may be noted during execution of the algorithrmext column to be included in the cover. The selection-
each column of matriX4 (corresponding to each subsemerit of a column used by the first heuristic is the same



as its benefit value. The selection-merit of a column usedist if d., < v/37sen. FOr this reason, in our simulation
by the second heuristic the ratio of its benefit to penaltyxperiments we havé., < v/3rgen.
if penalty is greater than zero. If penalty is equal to zero
the selection-merit is taken to be equal to its benefit. B sensor node
During each iteration, the algorithm chooses the free

column with the highest selection-merit to be included Trc;n &:fj’ \:
in the cover. This column is moved from the set of free RPN & %,
columns to the set of selected columns. If in the set of if%r;e; E---5--i
free columns, there exists columns that are incompatible

with this selected column, they are moved to the set @ der < VBrsen ®) der = 2rsen

of blocked columns. A column _in thet'set of selectegg_ 4. Relationship off
columns may becomesdundant if addition of a new o,

column during one iteration renders its presence in the

set of selected columns unnecessary, i.e., all the elementé/e conducted the simulation experiments by varying
covered by this column is covered by some other selectid@& minimum separation distance parametgrfrom 0
columns. A redundant column is removed from the s#irough 50 while keeping the sensing radius parameter
of selected columns and is returned to the set of frée.,) fixed at 30. The number of potential sensor loca-
columns. In addition, some of the columns blocked dumns (green points) were considered to be significantly
to inclusion of this column in the set of selected columnkwer than that of the points to be sensed (blue points).
may also be returned to the set of free columns at thisour experiments we kept the number of blue points to
time (if they are not blocked by some other columns, stile thrice the number of green points. Five data sets (11
part of the selected set). Tmedundancy-meribf a col- through 15) were generated for each combination of (i)
umn is determined by the number of uncovered elemeitit® number of blue points (B), (ii) the number of green
that can potentially be covered by the movement of tipints (G), (iii) rs.,, and (iv)d.,.. The goal of the optimal
set of columns from the set of blocked columns to the sa&fgorithm as well as the two heuristics were to find the
of free columns. In case of multiple redundant columnkgrgest number of blue points that can be covered with
the one with the highest redundancy merit is removele smallest number of green points. It may be noted that
first. Redundant columns are removed one after anotlvesr optimal algorithm is guaranteed to find a solution
until no redundant columns are in the set of selectélaat covers all the blue points with the smallest number

cr with T'sen (a) dcr - \/grsen (b) dcr -

columns. of green points (subject to minimum separation distance
constraint), if such a solution exists. The results of our
VI. SIMULATIONS RESULTS AND DISCUSSION simulation are presented in table | (next page). It may be

We conducted extensive simulations to evaluate theted that some entries in the table have a number within
efficacy of the two heuristics proposed in the section \flarentheses associated with it while many other entries
by comparing their performances with the optimal solw@o not. The implication of an entry (sa¥) having no
tion. For the simulation experiments, we generated twmmber within parentheses associated with it is that
sets of uniformly distributed random points on a plangreen points (sensor locations) are sufficient to cover all
In the absence of the information about the distributiqd50) blue points. If an entry (say) has a number (say
of these points in practice, we have assumed a randdwithin parentheses associated with it, it implies that
distribution in our simulations. The first set representhe largest number of blue points that can be covered is
the points to be sensed (blue points) and the secadidnot 150) and it can be done usinggreen points.
represents the potential location of the sensors (greemhe evaluation of the heuristics show that both of
points). In addition, we generated the sensing radius tbem produce near optimal solution most of the time.
the sensors,., and the minimum separation distanc#oreover, they produce such high quality solution in a
between the sensoik,.. We are particularly interestedfraction of the time needed to find the optimal solution.
in exploring the impact ofi.. in finding solution to the While some problem instances needed more than 24
GISM problem and its relation with,.,,. If d.. = 2rs.,, hours of computing time to find the optimal solution on
then we may have a situation where a part of the sensimdPentium 1V machine running CPLEX versiér), the
region cannot be covered by any sensors. This is depictezliristics produced near optimal solutions in only a few
in figure 4(b) where the area enclosed by the three poistsconds. From their performance, we can conclude that
where the circles meet cannot be covered by any senstisth heuristics are quite effective. Between heuristics 1
However, as shown in figure 4(a), this problem does natd 2, the second heuristic is somewhat more “intelli-



TABLE |
PERFORMANCE COMPARISON OF OPTIMAL AND HEURISTICS SOLUTION®/ITH B =150, G = 50AND 75.,, = 30. (IN THE TABLE, OPT =
OPTIMAL, H1 = HEURISTIC 1, H2 = HEURISTIC2.)

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5
der Opt HIT H2 Opt HI H2 Opt AT H2 Opt HI H2 Opt HI H2
0 6 8 8 7 7 7 6 7 7 6 7 7 7 10 10
5 6 8 8 7 7 7 6 7 7 6 7 7 7 10 10
10 6 8 8 7 7 7 6 7 8 6 7 8 7 10 8
15 6 8 7 7 8 10 6 7 8 6 8 7 7 9 10
20 6 8 8 7 8 9 6 7 7 6 8 9 7 9 8
25 6 8 8 7 7(149) 9 6 7 7 6 8 8 7 8(146) 9
30 6 8 8 7 6(145) 8(149) 6 6(141) 9(144) 6 7 10 7 6(144) 8(147)
35 6 5(143) 7(142) 7 5(142) 7(148) 6 6(130) 6(144) 6 6(145) 7(143) 7(148) 5(141) 6(140)
40 6 5(143) 4(131) 6(149) 5(140) 6(145) 6 5(127) 6(143) 6(148) 5(129) 5(132) 6(147) 5(141) 5(128)
45 6(145) | 4(130) 4(99) 6(143) | 5(134) | 5(140) | 6(145) | 3(105) | 4(114) | 6(146) | 4(115) | 5(130) | 5(139) | 4(127) | 4(120)
50 4(138) | 4(128) 4(98) 5(139) | 4(121) | 4(113) | 6(143) | 4(111) | 4(112) | 4(136) | 4(115) | 4(131) | 4(134) | 3(112) | 4(125)

gent” in the sense that its benefit function not only takes this case is the fact that the separation distamgg (
into account the number of uncovered blue points beiigymuch smaller than the sensing radius,.
covered by the selection of a green point, but also takedt may be recalled that both the heuristics use the
into account the number of green points that are blockedlection-merit to identify the green point to be included
from future consideration due to selection of this grean the cover. In case of heuristic 1, the selection-metric
point. However in practice, the seemingly “unintelligentis equal to the benefit value and in case of heuristic 2,
heuristic 1 seem to be outperforming heuristic 2 in mariyis equal to the benefit to penalty ratio. Wheg,, is
instances. Since this is somewhat counter-intuitive, weuch larger thaml..., the benefit associated with a green
try to explain the phenomenon below. point is much larger than the penalty and in such cases
o o _ _ the heuristic 1 seems to be doing better than heuristic 2.
-~ Node pair within minimum separation distance [l Potential sensor locations .
@ Points to be sensed # Sensor locations not selected  ON the other hand whed,.. is much larger tham,,,
the penalty associated with a green point is much larger
than the benefit and in such cases the heuristic 2 seems
to be doing better than heuristic 1. These observations
are consistent with the simulation results.

(@) (b) VII. CONNECTED SENSORNETWORK

Fig. 5. Comparison of Heuristics and 2 The previous section presented optimal and heuristic
solutions to find the minimum number of sensors re-
In the example shown in figure 5(a), we hakg = 15 quired to cover a set of points in temperature sensitive
and r..,, = 30. If we use heuristic 1, whose selecenvironments. In applications where these sensors are not
tion metric is the number of uncovered blue pointslirectly connected to the controller, they should form
we have Selection-merif) = 5, Selection-merit) =3, a connected network so that the data sensed by any
Selection-merit(’) = 1. So, heuristic 1 chooses the greesensor can be delivered to the controller (possibly by
point A first, which is enough to cover all the bluemultiple hops through other sensor nodes). We provide a
points as shown in 5(b). This is the optimal solution fawo-phase solution for such applications, where the first
this problem instance. However if we use the heuristjhase optimizes on the coverage (using the heuristics of
2, whose selection merit is the ratio of the number dlfie previous section) while the second phase determines
uncovered blue points to the number of green pointlse minimum transmission range necessary so that the
blocked, we have Selection-metrt) = 5/2 = 2.5, selected sensors can form a connected communication
Selection-meritB) = 3/1 = 3, Selection-metri¢{) = 1/1 network. We assume all sensors have same transmission
= 1. In this case, the algorithm will choose green poiméange and two sensors can communicate if they are
B first, which only covers the blue points 3 and4, within the transmission range of one another. Since
and blocks green pointl. Then the only green pointpower consumption of the sensors is directly propor-
that the heuristic can choose is poffit This scenario tional to the transmission range, we form the connected
is depicted in figure 5(c). So, the final solution usingommunication network with smallest possible transmis-
the heuristic 2 will comprise of green points and C'  sion range. This problem is formally stated as follows.
covering only blue pointg, 2, 3 and4. The reason why Transmission Range Problem Given a complete graph
heuristic 2 fails to find as good a solution as heuristic &=(V, E') whereV represents the set of sensors selected
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in the first phase and non-negative edge weights for shown that both the optimization and the feasibility
e = (u,v), u,v € V representing the Euclidean distanceersions of the problem are NP-complete. Moreover, an
between sensar andv, find a spanning tre® of G such e-approximation algorithm for the problem cannot be
that max.cr w(e) is minimized. This minmax spanningdeveloped unless P = NP. Our heuristics produce near
tree problem is also known as the bottleneck spanningtimal solution for most of the problem instances in a

tree problem in the literature [19]. fraction of the time needed to find an optimal solution.
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