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Abstract Ad-hoc networks of devices and sensors with (limited) sgmnsind wireless communication
capabilities are becoming increasingly available for caroial and military applications. The rst
step in deploying these wireless sensor networks is to mé@ter with respect to application-speci c
performance criteria, (i) in the case that the sensors atie stvhere to deploy or activate them; and (ii)
in the case that (a subset of) the sensors are mobile, hovarotipé trajectory of the mobile sensors.
These two cases are collectively termed ascthveerage problerm wireless sensor networks.

In this book chapter, we give a comprehensive treatmentettiverage problem. Speci cally, we
rst introduce several fundamental properties of covertdge have been derived in the literature and
the corresponding algorithms that will realize these prige While giving insights on how optimal
operations can be devised, most of the properties are ddiavel hence their corresponding algorithms
are constructed) under tiperfect diskassumption. Hence, we consider in the second part of the book
chapter coverage in a more realistic setting, and allovhé)gensing area of a sensor to be anisotropic
and of arbitrary shape, depending on the terrain and thear@tgical conditions, and (ii) the utilities
of coverage in different parts of the monitoring area to be-noiform, in order to account for the impact
of a threat on the population, or the likelihood of a threkirtg place at certain locations. Finally, in the
third part of the book chapter, we consider mobile sensoer@ame, and study how mobile sensors may
navigate in a deployment area in order to maximize threaeth@overage.
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1 Introduction

Recent technological advances have led to the emergencanaigive networks of small, low-power
devices that integrate sensors and actuators with limitedaard processing and wireless communi-
cation capabilities. These sensor networks open new vistasiany potential applications, such as
environmental monitoring (e.g., traf ¢, habitat, secyjjtindustrial sensing and diagnostics (e.g., fac-
tory, appliances), critical infrastructure protectiorg(epower grids, water distribution, waste disposal),
and situational awareness for battle eld applications2[13, 4]. For these algorithms, the sensor nodes
are deployed to cover the monitoring area. They collabavdteeach other in sensing, monitoring, and
tracking events of interests and in transporting acquiegd,disually stamped with the time and position
information, to one or more sink nodes.

There are usually two deployment modes in wireless sendwronies. If the cost of the sensors is
high and deployment with a large number of sensors is noftfleasa small number of sensors are
deployed in several pre-selected locations in the arediisncase, the most important issuesensor
placement— where to place the sensors in order to ful Il certain pemfi@nce criteria. On the other
hand, if inexpensive sensors with a limited battery life available, they are usually deployed with
high density (up to 20 nodesi5]). The most important issue in this casedisnsity control— how
to control the density and relative locationsaativesensors at any time so that they properly cover the
monitoring area. (Another relevant issue is how to rotagertthe of active sensors among all the sensors
so as to prolong the network lifetime [6].) Although at rdbgce, sensor placement and density control
are two different issues, they both boil down to the issueaiédnining a set of locations either to
place the sensors or to activate sensors in the vicinity) wie objective of ful lling the following
two requirements: (ifoverage:a pre-determined percentage of the monitored area is abvane (i)
connectivity:the sensor network remains connected so that the informatibected by sensor nodes
can be relayed back to data sinks or controllers.

In this book chapter, we consider theveragessue in wireless sensor networks. We consider two
operational modes.

Case I: All sensor nodes are statically deployed.

We consider the issue of determining the minimum set of gsneguired to cover the pre-determined
percentage of the area, assuming that each sensor node ndomacertain area (e.g., a disk centered
at the sensor and with the radius beingskasing rangef the sensor) on a two dimensional surface. As
indicated in [7], if the radio range is at least twice the gegsange, complete coverage of a convex area
implies connectivity among the set of active nodes. Thigl@gm actually holds for a wide spectrum of
sensor devices that recently emerge [7], and as a resulidesimg) only the coverage issue is suf cient.
We approach the coverage issue along two research thrustssi¥htroduce several fundamental
properties that have been derived in the literature [8, 9,71@nd their corresponding algorithms that
realize the properties [11, 12, 13, 6, 14, 15, 16, 17] (Sacfid). Most of the efforts introduced in
this thrust focus on minimizing the number of sensors, slifethe requirement okf)covering the
entire monitoring area. While shedding insights on howroptioperations can be devised, most of the
algorithms/analysis are derived under fierfect diskassumption. As revealed in several deployment
efforts [18], the sensing range is in reality highly irregutiue to variations in terrain/meteorological
conditions. Moreover, while maximizing the geometric c@age is important, it makes more sense to
quantify the utility of sensor coverage by considering liity to manage potentiahreats For exam-
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ple, a densely populated and poorly ventilated area shailddssi ed as high risk under a chemical
plume attack, and therefore receive priority attentiorhim$ensor placement.

We consider in the second research thrust coverage in a malistic setting (Section 4). In partic-
ular, the sensing area of a sensor can be anisotropic anditobay shape, depending on the material
released, its dosage elds and release patterns, the wiambsand direction, and the dispersion model.
The expected risks of insuf cient coverage (or utilitiesoaiverage) in different parts of the monitoring
area can also be non-uniform to account for the impact ofeathon the population, or the likelihood
of a threat taking place at certain locations. Under thisergeneral setting, we consider the issue of
determining the minimum set of sensors required to minirttieethreat.

Case II: Sensor nodes are mobile.

In the case that some of the sensor nodes are mobile, we atiteaémension of coverage — mo-
bile sensor coverage (Section 5). Once sensors have bewlyei@|n the area according to a sensor
placement/density control algorithm, operating condsianay change to render the original results
suboptimal or invalid. For example, sensors may fail orrteensing range may weaken, and obstacles
may appear that affect a sensor's ability to cover its locahaMitigating the effects of these unex-
pected situations could be solved by tasking a mobile sehsbmnavigates along a trajectory in order
to minimize the detection time of events of interest. Speaily, the monitoring area is divided into a
two-dimensional grid of cells. For each cell, thisk is de ned as the steady-state presence probabil-
ity of the event of interest (e.g., a chemical attack) in tt&lt. The distribution of threat in the area is
characterized by threat pro le, which considers the impact of a realized risk on the aregfsifation.

We introduce a stochastic movement algorithm for sensaashi@eve threat-based coverage, so that the
cells are covered in proportion to their threat levels.

2 Background

2.1 Fundamental Properties of Coverage

Several researchers have carried out studies on the fumdalpeoperties of coverage and sensor place-
ment. We rst summarize three representative results mghaction. Then, to introduce the methodology
taken by this line of research, we give a more detailed adaafithe rst result in Section 3.

Zhang and Hou [7] focus on the sensor coverage problem ohgdhieminimumnumber of sensors
that maintain full coverage. They prove that, given a redt@ontaining sensors, if each crossing point
in Ris covered by at least one other sensoRjrthenR is completely covered. By a crossing point,
they mean an intersection point of the two sensing disks ofrteighboring sensors, or that of a sensing
disk and the boundary of regidh They also derive optimal conditions between neighborargsrs for
minimizing the number of sensors needed. Based on the dptpnditions, they then propose a fully
decentralized and localized algorithm, caltédtimal Geographical Density Contr¢gOGDC), in large
scale wireless sensor networks.

Wanget al. [10] take one step further and prove that if all the crossiomis in the regiorR are
k-covered, therR is k-covered. They then propose tB®verage and Con guration ProtocdCCP) in
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which each node collects neighboring information and thessuhis information as an eligibility rule
to decide if a node can sleep — if all the crossing points en#iiet sensing range are at lekstovered,
then a node can be inactive.

Huang and Tseng [19] consider the problem from another gogdssing points vs. perimeter) and
prove that an area lscovered if each sensor in the networkiperimeter-covered, whereeperimeter-
covered sensor has each point on the perimeter of its sedskgovered by at least other sensors.
They then devise an algorithm for determining the perimkteoverage (and hence thecoverage of
a region) and use it to determine the redundant sensors aedude their inactive periods. However,
to determine its redundancy, a sensdras to ask all the sensors within twice its sensing range-to re
evaluate the coverage of their perimeter without segsmiaking the complexity of the algorithm high.

2.2 Coverage Problem Formulations

Sensor coverage can be formulated as an optimization prolédé/en the sensing rangeof sensors,
how to place the sensors so that the the number of sehsaeeded to cover the monitoring area is
minimized?

We can also formulate the problem as: Given the number ofadblaisensor§l, how to place the
sensors so that the sensing raRgeeeded to cover the monitoring area is minimized? This fdatan
is used when we are more concerned about the detection tithe @nergy consumption of sensing,
which are highly related to the sensing rafyd his is actually the well-knowh-centeringproblem. A
greedy algorithm can be used to solve the problem with arcegapation ratio of 2 under the assumption
of the triangle inequality [17]. Essentially the algoritlit@ratively places a new sensor at a cell that is
furthest away from the current set of sensors.

It can be proved that the above three optimization problem®quivalent in the sense that if there
exists a solution algorithm to one problem, the other twdfmms can be solved by invoking the solution
algorithm a polynomial number of times, subject to the cleaoigthe approximation ratio.

3 Optimal Geographical Density Control (OGDC) and its Fundamental Base

Now to highlight the general methodology for the problem aofling theminimumnumber of sensor
locations that maintain full coverage, we discuss in detedl Optimal Geographical Density Control
(OGDC) method [7]. Implied in the coverage objective is tveguirements. First, the set of sensors
deployed or activated should completely cover the re§iofo derive a suf cient condition for ensuring
full coverage, we de ne arossingas an intersection point of two circles (boundaries of giskshat of

a circle and the boundary of regi® A crossing is said to beoveredf it is an interior pointof a third
disk. The following lemma from [20] pages 59 and 181 providesuf cient condition for complete
coverage. This condition is also necessary if we assumethbatircle boundaries of any three disks
do not intersect at a point. The assumption is reasonableegsrobability of the circle boundaries of
three disks intersecting at a point is zero, if all the semaoe randomly placed in a region with uniform
distribution. Lemma 1 serves as an important theoreticsistfar OGDC.
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Lemma 1. Suppose the size of a disk is suf ciently smaller than tha obnvex region R. If one or
more disks are placed within the region R, and at least onbaxé disks intersect another disk, and all
the crossings in the region R are covered, then R is completsfered.

The second requirement is that the set of sensors deployadtieated for coverage should be mini-
mal. To derive conditions under which the second requirainisenl lled, we rst de ne the overlapat
a pointx as the number of sensors whose sensing ranges cover themioirglr(x), where

1ifx2R;

IR =" § otherwise

1)
The overlap of sensing areas of all the sensors is then thgradtof overlaps of the points over the area
covered by all the sensors. Now we show in Lemma 2 that mimigithe number of active sensors is
equivalent to minimizing the overlap of sensing areas offedlactive sensor nodes.

Lemma 2. If all sensor nodes (i) completely cover a region R and (iyéthe same sensing range, then
minimizing the number of working nodes is equivalent to mizing the overlap of sensing areas of all
the active nodes.

Proof. See Appendix A.1.

Lemma 2 is important as it relates the total number of actaressr nodes to the overlapping areas
between the active nodes. Since the latter can be readilgures from a local point of view, this
greatly simpli es the task of designing a decentralized krdlized sensor placement or density control
algorithm.

3.1 Properties under the Ideal Case

With Lemmas 1-2, we are now in a position to discuss how tomie the overlap of sensing areas
of all the sensor nodes. Our discussion is built upon thenagan that the regioR is large enough
compared with the sensing range of each sensor node so ¢hbtimdary effects can be ignored. By
Lemma 1, in order to totally cover the regi®some sensors must be placed inside regl@amd their
coverage areas may intersect one another. If two disksdB intersect, at least one more disk is needed
to cover their crossing points. Consider, for example, guFe 1, diskC is used to cover the crossing
point O of disksA andB. In order to minimize the overlap while covering the croggmointO (and its
vicinity not covered by diské& andB), diskC should intersect disk& andB at the pointO; otherwise,
one can always move digkaway from disksA andB to reduce the overlap.

Given that two diskA and B intersect, we now investigate the number of disks neededi fzair
relative locations, in order to cover a crossing p@nof disksA andB and at the same time minimize

the overlap. Take the case of three disks (Fig. 1) as an exarhet6 PAO= 6PBO2 ai, 60BQ=

EiOCQé ar, andé OCR= QOARé asz. We consider two cases: @ ;ay; as are all variables; and (ii)
ay is a constant bua, andas are variables. Case (i) corresponds to the case where wehocaseall
the node locations, while case (ii) corresponds to the cémzemwo nodesX andB) are already xed
and we need to choose the position of a third nGde minimize the overlap. Both of the above two
cases can be extended to the general situation in whicB additional disks are placed to cover one
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Fig. 1 An example that demonstrates how to minimize the overlapenduvering the crossing poi.

crossing point of the rst two disks (that are placed on a wmensional plane), anal, 1 i k, can
be de ned accordingly. Again, the boundaries of all diskswgll intersect at poin® in order to reduce
the overlap. In the following discussion, we assume for $ititp that the sensing range= 1. Note,
however, that the results still hold whe® 1.

Case l:aj,1 i k, areallvariables

We rst prove the following Lemma.

Lemma 3.

ai=(k 2)p; ()

Qox

i=1
Proof. See Appendix A.2.

Now the overlap between th& and(i modk) + 1" disks (which are calleddjacent disKkis (a;
sing;), 1 i k. If we ignore the overlap caused Impn-adjacentisks, then the total overlap is
L= éik: 1(a@i sina;). The coverage problem can be formulated as

Problem 1.
k
.. . o .
minimize § (a;i sina;)
i=1

k
subjectted ai=(k 2)p: (3)
i=1

The Lagrangian multiplier method can be used to solve the@abptimization problem. The solution
isai=(k 2)p=k;i=1;2; ;kand the resulting minimum overlap usikglisks to cover the crossing
pointOis
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L =(k 2)p ksir\(@):(k 2)p ksin(ZTp):

Note that the overlap per disk

k P &
monotonically increases withwhenk 3. Moreover whetk = 3 (which means that we use one disk to
cover the crossing point), the optimal solutiorajs= p=3 and there is no overlap betweeon-adjacent
disks. Wherk > 3, the overlap per disk is always higher than that in the chke=03, even if we ignore
the overlaps betweemon-adjacentlisks. This implies that using one disk to cover the crosgpioigt
and its vicinity is optimal in the sense of miBirﬁizing the de@. Moreover, the centers of the three disks
should form an equilateral triangle with edge. We state the above result in the following theorem.

H=p 2 sin2h) @

Theorem 1.To cover one crossing point of two disks with the minimumlapeonly ong,disk should
be used and the centers of the three disk should form an egpalariangle of side length 3r, where
r is the radius of the disks.

Case 2:a; is a constant, whileaj, 2 i k, are variables

In this case the problem can still be formulated as in Proldleexcept thafy is xed. The Lagrangian
multiplier method can again be used to solve the problemil@dptimal solutionis; = ((k 2)p
ai1)=(k 1),2 i k. Againa similar conclusion can be drawn that using one digloter the crossing
point gives the minimum overlap. We state the result in thiedong theorem.

Theorem 2.To cover one crossing point of two disks whose locationsxeeé (i.e. a1 is xedin Fig. 1),
only one disk should be used aagl= az=(p ai1)=2.

In summary, to cover a large regiétwith the minimum overlap, one should ensure that (i) at least
one pair of disks intersect; (ii) the crossing points of aair pf disks are covered by a third disk; (iii)
if the locations of any three sensor nodes arg, adjustal#e, ds stated in Theorem 1 the three nodes
should form an equilateral triangle of side lengtfr. If the locations of two sensor nod@sandB are
already xed, then as stated in Theorem 2, the third sensderstould be placed on the line that is
perpendicular to the line connecting nodeandB and has a distanaeto the intersection of the two
circles (i.e., the optimal point in Fig. 2 ). These conditions are optimal for the coverage problem in
the ideal case.

The notion of overlap can be extended to the heterogenesastwhich sensors have different sens-
ing ranges. Speci cally, Theorem 1 and 2 can be generalia¢kd heterogeneous case. The interested
reader is referred to [7] for a detailed account.

3.2 Optimal Geographical Density Control Algorithm

Now we introduce a completely localized density controbaiinm, called OGDC, that makes use of
the optimal conditions derived above. Conceptually, OGBEnapts to select as active nodes the sensor
nodes that are closest to the optimal locations.
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Fig. 2 AlthoughC is the optimal place to cover the crossi®gpf A; B, there is no sensor node there. The node closest to
C, P, is selected to cover the crossify

For clarity of presentation, we assume that (i) each nodeaseof its own position and (ii) all sensor
nodes are time synchronized. The rst assumption is notaofical, as many research efforts have been
made to address the localization problem [22, 23, 24]. Thersgassumption is made to facilitate the
description of the algorithm. A more general algorithm tbhperates without the assumption can be
foundin [7].

At any time, a node is in one of the three states: “UNDECIDEDN,” and “OFF.” Time is divided
into rounds. Each round has two phases:ribde selection phasend thesteady state phasét the
beginning of the node selection phase, all the nodes waksatheir states to “UNDECIDED,” and
carry out the operation of selecting working nodes. By the @frthis phase, all the nodes change their
states to either “ON” or “OFF". In the steady state phasenatles keep their states xed until the
beginning of the next round. The length of each round is s@ehahat it is much larger than that of
the node selection phase but much smaller than the averagerddetime. As shown in [7], the time
it takes to execute the node selection operation for netsvofksize up to 1000 nodes in an area of
50 50mn? (with timer values appropriately set) is usually well belévsecond and most nodes can
decide their states ( either “ON” or “OFF”) in less than 0.2@®&d, from the time instant when at least
one node volunteers to be a starting node. The interval fon eaund is usually set to approximately
hundreds of seconds, and the overhead of density contnola# (s< 1%).

The node selection phase in each round commences when or@@®sensor nodes volunteer to be
starting nodes. For example, suppose nag®elunteers to be a starting node in Fig. 2. Then one of its
neighbors with an (approximate) distance ddr, say nodeB, will be “selected” to be an active node.
To cover the crossing point of disksandB, the node whose position is closest to the optimal position
C (e.g., nodeR in Fig. 2) will then be selected, in compliance with Theorepid®become an active
node. The process continues until all the nodes changedtades to either “ON” or “OFF,” and the
set of nodes with state “ON” form the working set. As a nodebgialistically volunteers itself to be a
starting node (with a probability that is related to its rémiray power) in each round, the set of working
sensor nodes is not likely to be the same in each round, thewgiag uniform (and minimum) power
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consumption across the network, as well as complete cogenad connectivity. The interested reader
is referred to [7] for a detailed description of OGDC.

3.3 Performance of OGDC

To validate and evaluate the proposed design of OGDC, a ationlstudy has been conducted in [7]
(with ns-2with the CMU wireless extension) in a 5050n? region where up to 1000 sensors are
uniformly randomly distributed.

In addition to evaluating OGDC, the study also evaluatesprdormance of the PEAS algorithm
proposed in [6], the CCP algorithm in [10], and a hexagoretdaSAF-like algorithm. The hexagon-
based GAF-like algorithm is built upon GAF [21] and operatsgollows. The entire region is divided
into square grids and one node is_selected to be awake in emchHlg maintain coverage the grid
size must be less than or equalrits 2. Thus, for a large area with site |, it reqwres ’ nodes to
operate in the active mode to ensure complete coverage Tﬂamacoverage in hexagonal grids, the
side length of each hexagon is at mns®2, and it requlre@@g—rg 15‘“

cover a large area with size |.

In the simulation study, the energy model in [6] is used, whifve power consumption ratio for
transmitting, receiving (idling), and sleeping is 20:8D.0ne unit of energy (power) is de ned as that
required for a node to remain idle for 1 second. Each node Isassing range af; = 10 meters, and
a lifetime of 5000 seconds if it is idle all the time. The tuteaparameters in OGDC are set as follows:
the round time is set to 1000 seconds, the power threshaddset to the level that allows a node to be
idle for 900 seconds, the timer values are set to, respégtige= 10 ms,Ts= 1 s, andle = Ts=5= 200
ms,tp is set to the time it takes to send a power-on pack8mé&(the wireless communication capacity
is 40 Kbps, the packet size is 34 bytes).

The coverage is measured as follows: the area is dividedsidito 50 square grids, and a grid is
considered covered if the center of the grid is covered. @meis then de ned as the ratio of the
number of grids that are covered by at least one sensor tothlenumber of grids.

Fig. 3 shows the number of working nodes and coverage versusimber of sensor nodes deployed
in the network. Both metrics are measured after the densityral process is completed. Under most
cases, OGDC takes less than 1 second to perform densitptiorgach round, while PEAS [6] and CCP
[10] may take up to 100 seconds. As shown in Fig. 3, OGDC neslyshalf as many nodes to operate
in the active mode as compared to the hexagon-based GABKjkeithm, but achieves almost the same
coverage (in most cases OGDC achieves more than 99.5% gaeyekéoreover, the number of working
nodes required under OGDC modestly increases with the nuafilsensor nodes deployed, while both
PEAS and CCP incur a 50% increase in the number of workings)edgen the number of sensor nodes
deployed in the network increases from 100 to 1000. Anothseovation is that when the number of
working nodes becomes very large, the coverage ratio of @GRy decreases. This is because a large
number of message exchanges are required in CCP to mairigihborhood information. When the
network density is high, packets incur collision more oféen the neighborhood information may be
inaccurate. In contrast, in OGDC each working node sendatouost one power-on message in each
round, and as a result the packet collision problem is noesouss.
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Fig. 3 # of working nodes and coverage versus # of sensor nodes in 58017 area.

4 Sensor Placement in Realistic Environments

While all the above studies give insightful propertiesle)¢overage and shed light on designing cov-
erage algorithms for fulll-)coverage, they all make thperfect diskassumption. As a result, it is not
clear whether or not these results can be readily applidietadse of highly irregular sensing disks. In
this section, we consider sensor placement in a more lieaetting — where to place sensors in order
to ful Il certain performance criteriasubject to the number of sensors to be deployed, the distibu
of threats, the terrain, land cover and meteorological citiods, and the population distributiolhe
performance criteria are either to minimize the maximaédgon time (e.g., the time interval from the
instant when a dirty bomb explodes to the instant the expios detected) or to maximize the popu-
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lation evacuation time (e.g., the time interval betweendégection time to the time instant the plume
reaches a populated area).

4.1 Problem Formulation

Speci cally, the monitoring area is divided into a s&t, of cells. We assume that at most one sensor
can be placed within each cell. If a sensor is placed in tHetbel whole cell is said to be covered. We
consider both the cases of 1-coverage leitdverage (to be de ned below).

For each cell 2 X, letRT denote the set of cells that can be “covered” within tinby placing a
sensor in cell. That is if an event occurs in some cgl? RT, it can be sensed by the sensor placed in
celli within time T. In some senseR! is the sensing area (within tinfe) of a sensor placed in call
Also, for each celi 2 X, let a utility U; be de ned as the utility gained by having céltovered. For
example, the utility function can be the population in araatke probability that the targeted event (e.g.,
explosion of a dirty bomb) takes place in this area, or comuttams thereof. In the case of 1-coverage,
the utility of placing a sensor in cellcan be expressed B{RT) = & U;.

i2RY

Let the variable (8 celli 2 X) denote the indicator of whether or not a sensor is placedlin,é.e.,

x; = 1if a sensor is placed in callx; = 0 otherwise. Now the optimization problem can be formulated
as

Problem 1 Minimize the numberN = & x;, of sensors, subject to
i2X
[

U( R C )

i2X %=1

whereC is the coverage requirement. In addition to geometric Gyerthe coverage requirement can
encompass parameters such as the potential threats Seirettie case of insuf cient coverage, and/or
the population that will be affected.

Note that the conventional assumption made is R?ais a disk centered at the sensor (placed in
cell i). Here we allowR! to be a time-varying function of and of arbitrary shape. In Section 4.3,
we will discuss how we leverage the SCIPUFF model [25, 26jaestructR’, taking into account of
the characteristics of the released material, terrair taver, and meteorological conditior®. thus
constructed will then be fed into the solution algorithmrgsuit.

Note also that conventionally( ) is a uniform function and the utility reduces to geometricsse
coverage. As mentioned in Section 1, the utility function ba so de ned that it quanti es the potential
threats reduced or the potential bene ts gained by havitig o®vered. In Section 4.3, we will use the
real-life population distribution ad( ) to evaluate our proposed algorithms.

In the case ok-coverage, the utility of a cell takes effect only if the cisllcovered by at leadt
sensors. In other words, a ceié considered to be covered only whed x; k. Note thak-coverage

ji2RT
is required in the case afiverse/forward predictiorin which the origih of the event (e.g., a plume)
is inferred as well as the future regions to be affected bydipersion is predicted. In this case, the
information multiple sensors have gathered will be coteglaand fed into certain inverse/forward algo-
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rithms. The optimization problem can then be formulated as

Problem 2
Minimize the numbeN = § x;, of sensors, subject to
i2X
o o
au lf a x; kg C; (6)
i2Xx j:iZRJT

wherelf g is the indicator function. Note that the constraint in Pesbl2 is not a linear expression. In
Section 4.2, we will discuss methods to transfdfrg into a set of linear constraints.

4.2 Solutions to Problems 1 & 2

In this section, we discuss solution algorithms to Probldmend 2. In the case of 1-coverage, the
problem (Problem 1) reduces to theighted partial set covegproblem, and we introduce a lI&gap-
proximation algorithm. In the case &fcoverage, we rst discuss a special case in which the cogeera
requirement is stringent and fldtcoverage is required. In this case, we can further simiéformu-
lation of Problem 2 to a linear program. In the more genersécthe formulation of Problem 2 can only
be reduced to an integer program. We present one algoritatistibuilt upon the algorithm for partial
1-coverage to solve the problem.

4.2.1 Solution Algorithm for Problem 1

Algorithm 1 gives thd_og(C)-Partial-1 algorithm. The algorithm nds the céllwith the highest utility

U; , and marks; = 1 to denote that a sensor will be placed in the cell. Then the cs removed from

X, the coverage of each cél? X is updated a®" = R n R,-T, and the coverage requirement is updated
asC=C U(R,-T). The process repeats until either the coverage requireisieatis ed C 0) or all

the cells have been placed with sensots(0).

Algorithm 1 LogC-Partial-1X;f R g;U;w;C)

1:Y=0

2: whileC> 0AND X 6 0 do
3 i = argmaxxU(R")

4. Y=Y[fig

5: X=Xnfig

6. C=C U(R)

7. foreachi 2 X,Rl = RTnRY
8: end while

9: returnY
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Theorem 3. The algorithmLogC-Partial-1 has an approximation factor dbgC, given the range of
U() is integer.

Proof: Suppose the optimal placement requikgs sensors. Lei be theit" sensors placed byogC-
Partial-1. Let A; be the cells that are covered by tffesensor, and have not been covered by pryi
sensor. Basically) is a set of new cells covered in ti iteration. LetC; be the coverage requirement
left to be met by théthiteration, andCy = C. Then among cells that are not covered yet, one of those

NopT sensors in the optimal placement at least can C%F%r amount of utility.LogC-Partial-1picks
the sensor that has the largest utility coverage, anduit{ds) is at Ieast,%. Therefore,

Nopt Nopt Nopt Nopt
dum A ot § SPTocyrzc § U ™
© =1

i=1 iz1 Nopt ;24 Nopt i—

NopT
Thus we havea U(A) C=2, which means.ogC-Partial-1can useNopt sensors to meet at least

i=1
half of the coverage requirement. TherefdregC-Partial-1totally needs at mostiopt logC sensors
to meet the coverage requiremént 0

4.2.2 Solution Algorithm for the Full k-Coverage Problem

Recall that the constraintin Problem 2 is not a linear exqioes because of the indicator function. When
the coverage requirementis stringent, &= & U;, the entire monitoring area has tokeovered and

i2X
the indicator function can be readily removed. That is, E).dan be reduced tod x; k, and

j:i2RJ-T
Problem 2 reduces to
Min & % (8)
i2X
st 4 x5 k 8i 2 X: (9)
j:i2RJ-T
X 2 f0;1g:

Because in general integer programs are NP-hard, we redaalibve integer program into a linear
program by replacing the last constraint with

0 x 1 (20)

and solve the linear program (namedFasgl-k-LP) in polynomial time. Now the remaining issues are
how to construct a feasible solution for the integer progfeom that of the linear program, and how
good the constructed solution to the integer program is. Wggvar both issues below:
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(1) Constructing a feasible solution for the integer program

To construct a feasible solutidrxg for the original integer program based the solutidrg returned
by the linear program, we de ne the maximum number of senaiegs by which a cell can be covered
asF = maxexjfj:i2 RJ-TgJ', wherej j is the cardinality function. Note that only whén F, the

k-coverage problem has a solution. We assign 1 if X; F;ku; andx; = 0 otherwise.

Theorem 4. The solutionf x;g constructed from the solutiohk;g obtained from the linear program
(= 21if % ﬁ; and % = 0 otherwise) is a feasible solution to the original integepgram

(Eq. (9)).

Proof: To prove thatf x;g is a feasible solution to the original integer program, oeeds to show
a Xj k. This can be proved by contradiction. For soir2 X, assume that ifiX; : i 2 RJ-Tg, P
j:i2RJ-T

elements are no less th%nh. Let O 2 ffxj:i2 RJ-ng. Then(O; R) elements irf X :i2 RJ-Tg is

less thanﬁ. If B k 1, the following inequality holds

2 o 1 F k
<O P)————+PR =0 +PR
...?RTXJ G A1t R = O a1 e ot
Ji2R;
1 F K
I — — =k
I:F k+ 1 (k 1)F k+ 1 &

which contradicts thata X; k(recall thatf Xig is a feasible solution for the relaxed linear program).
j:i2RJ-T
HenceR >k landhenced x; k. 0
j:i2RJ-T

(2) Deriving the approximation ratio of the constructed feasible solution

Now we discuss the approximation factor of the construategdible solution.

Theorem5. & x; (F k+ 1) & x, wherefx gis the optimal solution for the integer program and
fxgis the sclnzlﬁtion constructe&2f>r(om that of the linear program.

Proof: First, & X & x because the solution space of the integer program is a soittbet solution
space of thelzrélaxeazﬁ(near program. Thus, the followingjiradity holds:

ax A(F k+1 %) =(F k+1A*% (11)
i2X i2X i2X
(F k+ DA %;
i2X

where the rst inequality follows from the construction eubf the feasible solution, i.e = 1if X
ﬁ; andx; = 0 otherwise. An example can be carefully constructed to sthetvd x = (F k+
i2X
1) a x,ie,(F k+1)isatightapproximation ratio. 0
i2X
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4.2.3 Solution Algorithm for Problem 2

In the general case, the indicator function in Problem 2 cariremoved” by utilizing the property
Ifx kg= maxO;minf1;x k+ 1gg. Furthermorey= max x;;x;g can be replaced by the following
constraints:

y Xi Y X
y X oMy x (1 c)M;
¢ 2f0;1g;

whereM is a suf ciently large positive constant. The rst pair of mstraints ensures thgtis no less
than eitherx; or x;. The second pair of constraints ensures that eigiverx; ory = x;, depending on
whether the variableg is 0 or 1.

Similarly,y = minf x;; xjg can be replaced by the following constrains:

y Xy X
Xy oaM;x y (1 c)M;
¢ 2f0;1g:

Therefore Problem 2 can be reduced to the following integagm@am (named aBartial-k-1P):

Min § X
i2X
sit: é_Ui yi C;
i2X
yi O, Vi 7,
yo c¢F;, yvi z (1 o)F; (12)
z 1,z 4 x k+i
j:i2RjT
1 z dF;
a x kvl z (1 d)F;
j:i2RjT
Xi;Ci;di 2 0; 1g:

Unfortunately converting the above integer problem inmlthear program by enforcing 0% 1,
0 ¢ 1,and0 di 1 and constructing the corresponding solution for the ndginteger program
does not always yield a feasible solution. Actually, allogeD ¢ 1and0 d; 1 resultsinthe opti-
mal & X equal to zero. Hence, in what follows we discuss a heuritgiocrahm based on the algorithm
i2X
proposed above for partial 1-coverage.
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One-Incremental Algorithm for Partial k-Cover.

One straightforward solution for partiitcoverage is to perform the 1-coverage algorithrtimes.

The pseudo code of the one-incremental algorithm is giveXigorithm 2. By the end of thér 1)t
invocation of the 1-coverage algorithm, it is possible #@he cells have already been at leastvered,

denoted ax®= fi2 X: (@i %] T)= 1g. Therefore, in the'™ invocation of the 1-coverage
: ]
algorithm, the utility coverage requirement can be redimed U;. Also, the coverage utility gain for
i2X0
placing a sensor in cellin thek-coverage case is
URTkY)= & Uj Ifif h:h2Y~ j2Rlgi=k 1g; (13)
j2RT

which is the total utility of cells that are iRT and have already been exacfly 1) covered by the
placement’. Hence, if one sensor is placed at éell (R';k;Y) would be the utility gain with respect
to k-coverage.

Algorithm 2 One-Incrementalx;f Rl g;U;C)
1:Y=0
2: forr=1;r kr++ do

3:  XO=fi2 X[ Y:iis atleast r-covered by ¥
4: C°=cCc ay
i2x0
5.  whileC’> 0AND X6 0 do
6: i = argmaxexU(RT;rY)
7 Y=Y[fig
8: X=Xnfig
9: C%=c® UR';rY)
10:  end while
11: end for
12: returnY

Redundancy Removal.

The above heuristic algorithm acts in a greedy manner by sihgdhe cells that contribute the most
utility. It is possible that in the resulting placement, soaensors are redundant, in the sense that their
removal will not result in the failure to ful Il the utility overage requirement. These are the sensors we
should remove after invokin@ne-Incremental

The pseudo code of the redundancy removal procedure is igivdgorithm 3. It operatesin a greedy
manner. LeY denote the set of cells returned by eitlere-Incrementadr Partial-1+Full-k. For8i 2 Y,
the utility loss after the removal of the sensor in ¢édi exactlyU (RT;k+ 1;Y), which equals the total
utility of cells in R that are exactlk-covered byY. Thus, removing from Y results in that amount of
utility loss. Iteratively, one searches for the dell Y with the smallest) (R";k+ 1,Y). If Y nfig can
still satisfy the requiremer@, celli is removed fronY.
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Algorithm 3 Redundancy RemovaX(Y;fRg;U;C)

1: whileY 6 0do

2. i = argminayU(RT;k+ 1Y)

3 if _?XUi Ifif h:h2Ynfi gri2 Rﬁgj kg Cthen
I

4: Y=Ynfig

5. else

6 break;

7 end if

8: end while

9: return'Y

4.3 Gathering and Computing the Input Data

Data gathering and computation in order to prepare inpuh®sensor placement algorithms comprise
a major part of the sensor placement process. Recall that the mpstriemt input to Problems 1 and
2 that characterizes the physical phenomena is theRéenf cells that can be covered within tinTe

by placing a sensor in cell In this section, we discuss how one can leverage the SCIRtbdel to
calculateR', taking into account of the characteristics of the releasaterial, terrain, land cover, and
meteorological conditions.

Calculation ofR' is affected by the following parameters: released matéetaracteristics of the
material such as the decay rate and deposition velocityetease function), terrain, and meteorological
conditions. The former can be obtained from tBeOBE database [27] by National Geophysical Data
Center. GLOBE contains elevation data for the whole world &titude-longitude grid spacing of 30
arc-seconds. On the other hand, a useful representatidre shéteorological conditions at a location
is awind rosemphwind rose. A wind rose gives an information-laden viédwhav wind speedand
direction are typically distributed at a particular location. Spexilly, it speci es wind direction and
speed pairs and their percentage of occurrence. The wirgdthas is most used is produced by the
National Resources Conservation Service (NRCS). NRCSdatasrom the Solar and Meteorological
Surface Observation Network (SAMSON) that consists of lyooivservations from 1961 through 1990
at 237 National Weather Service stations in the United St&eam, and Puerto Rico.

Given a detection timé&, the dispersion in a cell that results from a release is caetpwith the
use of SCIPUFF [25, 26]. The dosage eld resulting from a disppn computation is contoured by the
exposure levels. After the dispersion contours that résuth the release in every cell is obtained, one
can comput®R' as follows: Let the threshold of the dosage level requirecfeensor to detect a plume
activity is Th. A cell j is added intdR if cell i is contained in the contour of the dosage leverh and
the dispersion contours result from a release in alithin time T.

4.4 Performance Evaluation

The sensor placement algoriti@me-Incrementahas been evaluated in the real setting of Port of Mem-
phis, with the objective of protecting people in Memphis &adicinity against chemical plume attacks.
Also, both random placement and grid placement are used sir@ algorithms and their perfor-
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(a) Satellite picture (b) Terrain

(c) Population distribution (d) Wind rose

Fig. 4 The terrain, population, and meteorological conditionBant of Memphis and its vicinity.
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mance (with the use of the same number of senso@resIncrementalare compared again€ine-
Incremental The coordinate (Longitude, Latitude) for the lower lefter of the monitoring area is
(-90.25E, 34.85N), while that for the upper right corner-89(75E, 35.35N). The width and length
of the monitoring area are both 0.5 arc-degree, which is &#fskm 55km Fig. 4(a) is the satellite
picture of the area provided by Google Earth [28]. The arafvisled into 60 60 cells, and each cell
is 0:5° 0:5%n arc-minute, and 758 917m. Fig. 4(c) shows the terrain of the monitoring area.

Because the objective is to protect people in Memphis anfiisity against chemical plume attacks,
the utility function is de ned to be the population distriimn. To obtain the population in each cell, one
can leverage the LandScan 2005 data [29] at 30 arc-secooltities. (The LandScan USA project
has produced day- and night-time high resolution populadistributions at 3 arc-second resolution for
some cities, including Memphis, but these data have yet ietied and released by the Department of
Homeland Security.) Fig. 4(b) shows the population distitm in the monitoring area.

The threats are modeled as instantaneous releases of speaierials at speci ¢ release rates using
the Hazard Prediction and Assessment Capability (HPAC). [BGe SAMSON data at the Memphis
International Airport (which is close to the center of thenitoring area as shown in Fig. 4(a)) is used.
As shown in Fig. 4(d), the wind with speed between 0 and 2 méiraction @ (blowing from North)
and in direction 180 (blowing from South) are the most common cases. Thus, therampnt focuses
on these two meteorological conditions. Given the terraid meteorological conditions, the sensing
area of a sensor is a function of time. Fig. 5 gives the seramiegs of sensors in different locations and
with different detection times.

The expected detection time has been used as the performatge. Given a sensor placement, the
expected detection time is calculated as follows. A total@® locations are randomly chosen to set
up chemical releases. The probability that a release oétspr®portional to the population of the cell
where the release occurs. Hocoverage, the detection time is the time between the tirstim the
threat is released and the time instant it is detected byatkesensors.

Fig. 6 shows the expected detection time Tor 30, 60 and 90 min under the casekof 3. Sev-
eral observations are in order. First, the expected detetithe of the placement b@ne-Incremental
decreases & increases, and eventually becomes smaller than the maxatiowable detection time
T. SecondDne-Incrementahcurs 30% 50% smaller detection time than random or grid placement.
Third, the expected detection time of the placemenDie-Incrementadppears to converge to a value
that is less tham whenC becomes large. This implies that partial coverage with aaeable high
coverage requirement has comparable performance to fudrage.

5 Coverage with the Use of Mobile Sensors

Once sensors have been deployed in the area according &ncsensor placement/density control
algorithm, operating conditions may change to render tiggral results suboptimal or invalid. Either
additional sensors have to be statically deployed or maskifisors can be dispatched to monitor the area
and/or detect events of interest. In the case that (somé&efensors are mobile, coverage reduces to
the problem of laying out sensor movement trajectoriegestibo threat pro les, to minimize the effect

of threats. Speci cally, the monitoring ardis divided into a two-dimensional grid of cells. For each
celli, therisk r; is de ned as the steady-state presence probability of thataf interest (e.g., chemical
attack) ini. The distribution of threat in the area is characterized thyeat pro le, denoted by~ (e.g.,
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(a) Wind speed = 1 m/s from North (b) Wind speed = 1 m/s from Bout

Fig. 5 Sensing areas within detection tirie= 30, 60 and 90 min, under different meteorological condgidxote the
sensing areas are prolonged along the opposite directitheafind.

the population distribution of the area). The threat lee aelli is given by its risk multiplied by the
threat ini, normalized by the aggregate threat level of the coveragge ar

5.1 Threat-based Coverage Algorithm

With the intent to cover the cells in proportion to their taréevels, we now introduce, based on the
random waypoint (RWP) model [32], a stochastic movemermirétlym to achieve threat-based coverage.
Speci cally, in the RWP model, a mobile sensor node movesiagddhe monitoring arein a sequence
of trips. Each trip is a straight line starting at some poimi &nding at some other point. The ending
point, called avaypoint of one trip becomes the starting point of the next trip, andrs Each waypoint
is chosen uniformly randomly from the entire area. Once #ressr node reaches a waypoint, it may
also pause for a random amount of time. When the sensor nat®visg during a trip, the speed may be
drawn from a certain distribution, but is otherwise xed tbe whole trip. We start off with a weighted
version of the RWP algorithm, which we calleighted random waypoiftNVRW) [36]. Suppose that
the sensor is currently at céllA cell ; j 6 i, is chosen to be the next waypoint with probabikiyj).
The choice of the waypoint is made according to the threaterinstead of the uniform random
distribution.

The basic WRW algorithm is simple, but its coverage pro ldsfdo accurately match the threat
pro le, because it fails to consider thietermediatecells covered between the source and destination.
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@T=30 (b) T = 60

(c)T=090

Fig. 6 Average detection time given different maximum allowaké¢edtion timeT . k = 3 for these experiments.

For example, consider a coverage area with a few high thggphts. In moving between the hotspots
to give them adequate coverage, the sensor will also vesifufently all the cells between the hotspots,
thus overcovering the intermediate cells. To solve the lprabthe basic algorithm is augmented with
the following features:

Maximum trip length. The distance of one trip is not allowed to exceed a paranefierdistance
units). Hence, when one chooses the next waypoint, we cegitie candidate cells to be within
the disc of radiud. and centered at the current cell. Limiting the trip lengthcés the algorithm
to consider more possible routes to go between any two histsiius reducing the possibility of
“warming up” the intermediate cells.

Adaptivity to prior coverage. Because of the probabilistic nature of the algorithm, theetations
between the cells visited, and the nite speed of the setiseglgorithm's actual coverage at any time
may deviate from the given threat pro le. To correct the @dian, the notion ofindercoveragés
introduced and computed for each dedlsC; (i) = maxt 0;F (i)  P(i)g; wherePy(i) is the fraction
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of time that celli was visited by the sensor up until the end oftthetrip. Then, the probability that a
candidate cell, saly is chosen as the next waypoint is proportionaliti). Hence, an undercovered
cell is more likely to be chosen as the next waypoint than lgleal has received too much coverage.
Random pause timelf the sensor is at an undercovered cell, one way to correcttiercoverage
is for the sensor to stay in the cell for some pause tpm&he timep is drawn randomly from a
distribution determined by a pause time parameter dengtd®l(in time units). Speci cally, at the
end of thetth trip at destination cell, p  U(0; W{(i)), where

P Gf(i)

Sj2cCi(j)

andC is the set of cells that are candidates as the next waypdi&.rdnge of the pause time is
controlled byP. In general, the pause time is expected to be larger whemitiercoverage is higher.
After the pause, the selection of the next waypoint that @s the next trip occurs as before. The

pause time attempts to correct the undercoverage in amaadyef cient way—with zero movement
overhead and no possibility of inadvertently changing thvecage of other cells.

(i) =

Notice that the set of features augmenting the WRW algoritlaam be pickedx la carte For the
convenience of notation, we denote a particular augmengeditom by WRW-feat, wherefeatis a
list of letters enumerating the augmentations in alphabktirder, and the letters L, a, and P, are for the
“maximum trip length”, “adaptivity to prior coverage”, afichndom pause time” features, respectively.
For example, WRW-L denotes the WRW algorithm with the maximitip length constraint, and WRW-
aLP denotes the algorithm with all the three features eable

Matching performance.

A simulation study has been carried out in [36] to illustridute performance of the algorithms introduced
above. The coverage of a number of metropolitan citiesptfinly San Francisco, Los Angeles (LA),
Atlanta, Paris, London, and Tokyo, is considered. Fig. @{&gs the threat pro le of Atlanta. Figs 7(b)—
(e) show the achieved steady-state coverage pro les of t(RAWMWRW-a, WRW-aL, and WRW-aLP
algorithms, respectively, also for Atlanta. Visually, timatching with the threat pro le improves as we
progress from Fig. 7(b) to Fig. 7(e). The visual observatian be quantitatively con rmed by com-
puting the root mean square error (RMSE) of the matching.RIM&E achieved by each algorithm is
shown in Fig. 8, normalized to the RMSE of the WRW algorithror the ve cities shown, including
Atlanta, the normalized RMSE consistently decreases fegtrid right. Hence, the progression of fea-
tures, namely, a, aL, and aLP, each contributes to increasgéching accuracy, and WRW-aLP is the
most powerful algorithm in the matching respect.

5.2 Temporal dimension of uncertainty reduction

In the previous discussion, we assume that a source is ddtedtenever it falls within the range of
a sensor. In real life, the sensing process is unreliabkk ttae sensing environment is noisy. A single
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Threat Pro le WRW WRW-a

WRW-aL WRW-aLP

Fig. 7 Threat pro les and steady-study coverage pro les of mapidilgorithms for Atlanta.

‘ OAtlanta B London M Los Angeles O Paris B San Franciscoll Tokyo

Normalized RMSE
o
[}

WRW WRW-a WRW-aL WRW-aLP
Mobility Algorithms

Fig. 8 Normalized RMSE of mobility algorithms for six differenttigs.

sensor reading, obtained at one point in time, generallyg dot give all the useful information about
the environment.

Speci cally, consider the detection of a point radiatiorusze of strengtlA, in counts per minute
(CPM), such that an ideal detector without background tamidocated at a distanakfrom the source
will register a count ot in a one second time interval. By radiation physics [83%, Poisson distributed
with parameteA=d2. However, because of background radiation, a detector mgigter a radiation
count even when there is no identi able source present. Blag these counts are random. Hence,
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a method is needed to ensure that a sensor count is due tocaioadiource, and not due to random
uctuations of the background radiation, which can be medeis a point source of strendih

A reliable detection method can be derived based on the NeyPearson test [38]. The method will
allow us to conclude that a sensor reading is from a radiatomce with false alarm rage. Consider a
sensor, say, that registers a radiation count@fin a unit time interval. The source detection problem
is formulated as the following hypothesis testing [39]:

Ho : ¢i is Poisson distributed with paramet&r
Hy : ¢ is Poisson distributed with parameg&+ A=d?.

We can then formulate the Neyman-Pearson test with a fatsengbrobability ofa by computing a
thresholdt such that ifPr(cijH1)=P(cijHo) > t, thenH; is chosen and otherwiskly is chosen. The
value oft that yields the desired can be computed using the Lagrangian method.

The implication of hypothesis testing, as it occurs in thegfdan-Pearson method, is that the con-
dence, or theutility, of a detection result is increased if the time interval & flensing is increased.
The utility function of the sensing against the sensing tisnef the form in Fig. 9, which illustrates an
interestingemporal dimensionf the sensing problem. The utility function shown is coreavhich is
representative of many real life sensing activities.

0.9
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0 200 400 600 800
Sensing time (s)

Fig. 9 Con dence (i.e., utility) of measurement as a function af #ensing time in radiation detection: empirical charac-
terization and least-square t function.

To investigate whether or not the temporal dimension mafiar sensor mobile coverage, the fol-
lowing experiment has been carried out in the ring topolaglig. 10 [37]. The area is divided into a
circular sequence of 50 cells. It has ten points of intefiésty), at which a dynamic radiation source to
be detected may appear. The Pols are uniformly placed ointipeand each adjacent pair of Pols is the
same distance apart. A source is dynamic because its appeasatransientevent—i.e., the source is
alternately present and absent—at a Pol, as controlledvey loisson processes.

The WRW-aLP algorithm discussed above considers a Pol d&sthigat, and therefore will target
the Pols speci cally for coverage. Moreover, since a sensaler WRW-aLP may pause for signi cant
time intervals at the Pols, the algorithm has the abilitynizréase the utility of detection results having
a temporal dimension. The mobile coverage by one sensor WiRE/-aLP is compared with:

Best-casestatic coverage, in which the sensor is static and the gtasdion is chosen to give the
best performance of sensing.
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Fig. 10 The ring topology.

Mobile coverage by an algorithm designed for simple eveptw&, without considering the tem-
poral dimension [31]. The example algorithm, called BAd06 algorithm after its designers Bisnik,
Abouzeid, and Isler, counts an event (the presence of aspasacaptured whenever the event falls
within the sensing range of the sensor during the evenésiife, and does not further evaluate the
con dence of the detection. By the BAIO6 algorithm, the semmoves continuously (without paus-

ing) around the circuit in Fig. 10, at a speci able speed

Performance is measured by the normalized utility of theneveaptured. This is the sum of the
utilities of all the events that are captured within a givienet interval, normalized by the total number
of events that appear during the time interval. A higher radized utility shows that the sensor can
collect a larger total fraction of the interesting informoat Fig. 11 plots the normalized utility achieved
by the different algorithms as a function of the sensor'sage speed. Two observations are in order:

0.14
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I 0.08 =
©
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Z 0.06 ){ & ——WRW-aLP (2.7) ]
1 —e— WRW-alLP (1.3)
0 —O— WRW-aLP (0)
0.04 i BAIO6 i
static
0.02 T T T
0 4
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Average sensor speed (mph)

Fig. 11 Normalized utility as a function of the average sensor speed

Notice that WRW-aLP(0) has a similar performance as BAIG@sTs becausP = 0 ensures that the
sensor will continuously move between the Pols, similahtoBAI06 algorithm. Wher® increases
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to 2.7 time units, however, WRW-aLP(2.7) can perform sigantly better than BAIO6. For example,
when the average speed is about 2.2 mph, WRW-aLP(2.7) ashée80% higher normalized utility
of 0.12, compared with 0.08 for BAIO6. The results show tlaatging at Pols can improve the quality
of the sensing by allowing the events to be measured for loagtherefore with higher con dence.
Static coverage is extremely ef cient. Hence, while it if@mently unfair (i.e., it completely ignores
some of the Pols), it might perform the best purely from atytitandpoint. Fig. 11, however, shows
that WRW-aLP always outperforms static coverage when tees@e speed exceeds a modest value.
This is partly due to the concavity of the utility function.h&h the utility function is concave, much
of the utility is obtained during the initial period of obsérg a new event. This encourages the
sensor to occasionally move from one Pol to another in omeatch more new events, as long as
the moving speed is not too low to make the travel overheadigio

Interestingly, the above results show how the temporal dsios can fundamentally impact the per-
formance of mobile coverage. To illustrate, it is known tf@tthe BAIO6 algorithm, a faster sensor
always gives better performance in the sense of more evaptsred. The results here show that, while
increasing the speed of the sensor can increase the fraxtibe events captured [31, 35], the sensing
uncertaintyabout each captured event also increases, when the tengimehsion is present. Intu-
itively, while moving quickly may allow the sensor to see mewrents, the vision of each event becomes
increasingly blurred due to the fast movement.

6 Thoughts for Practitioners

In reality, the sensing area of sensors may be dynamicalinging with various physical conditions.
As illustrated in Fig. 5, the sensing areas (or equivaletitsy calculation ofR") highly depend on
meteorological conditions. One cannot use a xed metegiokd condition to generate the contours
of the dispersion and place sensors accordingly; othertise&overage requirement may not be met
when the meteorological conditions change through theossasr over the years. Here we propose
one way to extend th®ne-Incrementahlgorithm to handle various sensing areas induced by variou
meteorological conditions. LERT g andf R g denote two sets of sensing areas in the seaiginduced

by two different meteorological conditions. Note that imgealR" 6 R'. The two sets of sensing areas

can be merged to de ne a new merged sensing area of a senaocedgh a cell) asR" = RT[ RT.
Moreover, the utility of a cell under a certain meteorol@gicondition is de ned as its original utility
multiplied by the probability that this meteorological cition occurs. In this way, the sensor placement
problem that accommodate various meteorological conttis essentially the same as that for one
speci ¢ meteorological condition ( xed wind speed and ditien).

We have provided threat-based mobile coverage in whichdherage time is accurately apportioned
by the threat pro le. Ideally, one would like the sharing te tealized over extremely ne time scales,
so that the sensor will return to every Pol quickly and dedegtinteresting event with small delay. In
practice, such ne time-scale sharing is limited by the spefthe sensor and the time/energy overheads
of travel between the Pols. The travel overhead is more géiper primary issue in mobile coverage,
namely its advantages must be properly balanced againsb#te of supporting the mobility.
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7 Directions for Future Research

In the chapter, the sensing models considered is detetimjnighich assumes that events within the
sensing area are always detected and there is no falsevpasttier. Another type of sensing models is
probability-based, which speci es the con dence intergéldetections. So one future work is to study
how to place sensors under a probability-based model sathha overall false alarm rate and target
missing rate are minimized.

Second, power consumption and network lifetime are impbgiarformance criteria for sensor net-
works. In OGDC, each node probabilistically volunteerslitso be a starting node in each round. In
order to ensure uniform power consumption across the n&haarode choose this probability based on
its remaining power. One future work is to extend OGDC (oeotiensity control algorithms) in order
to achieve the maximal network lifetime, while still sayisfg the coverage requirement.

For mobile sensor coverage, we have considered diffetemi@rage based on the importance lev-
els of different sub-areas. Another important considersis the type of event being covered and the
event dynamics. Optimal mobile coverage algorithms candstgded to maximize the amount of the
information captured, based on such information. Also,&ftvave multiple sensors, the coverage of the
sensors may overlap. If the number of sensors is largevelaiithe coverage area, and these sensors
independently try to cover the whole area, the redundantlyeofoverage may be signi cant, resulting
in inef cient resource use. In this case, a coordinatiort@col that will enable the sensors to work well
together as a group becomes important.

8 Conclusion

In this chapter, we rst introduce several fundamental mies of coverage and show the formulations
of the coverage problem in different ways. Then we discusdeitail a decentralized and localized
density control algorithm, OGDC. A simulation study shotattthe number of working nodes required
under OGDC modestly increases with the number of sensosritdoyed, while both PEAS and CCP
incur a 50% increase in the number of working nodes.

Next, we consider the problem of sensor placement in a maiistie setting: we acknowledge non-
negligible detection time; we allow the sensing area of @sefat certain time instant) to be anisotropic
and of arbitrary shape, and we de ne the utility functla() to model the expected utilities of coverage
(orrisks of insuf cient coverage) in different parts of theea. The proposed sensor placement algorithm
One-Incrementais evaluated in the realistic setting of Port of Memphis. Tésults show thaOne-
Incrementaincurs 30% 50% smaller detection time than random or grid placement.

Finally, we consider threat-based mobile coverage, andateahow the temporal dimension of real-
life sensing tasks will impact the performance of the mobdeerage.
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9 Terminology

Coverage Problem how to deploy sensor nodes to cover a monitoring area inréodel Il certain
performance criteria, such as minimizing the number of @ ®r minimizing the sensing range.

Sensing Rangethe sensing range of a sensor is the range within which s\a@rinterest can be
detected by the sensor.

Detection TimeT: the time interval between the instant when the event of@stehappens and the
instant when the event is detecteddoy of the sensor nodes.

Coverage RequirementC: in the case of partial coverage, Coverage Require@éntised to lower-
bound the coverage performance, such as the area or theatiopwovered.

Neyman-Pearson Method A hypothesis testing method to increase the reliabilitydefecting a
point radiation source in the presence of background riadiat

OGDC: Optimal Geographical Density Control [7].

SCIPUFF: Second-order Closure Integrated Integrated Gaussian(®GfPUFF) is a dispersion
model [25, 26], which can be to calculate the dispersed naiarspace and time, subject to terrain,
land cover, and meteorological conditions.

Temporal Dimension of Sensing The effects of the sensing time on the reduction of the sgnsi
uncertainty, by producing a sequence of measurementsiegdbé removal of noise and statistical
outliers.

Threat-based Mobile CoverageMobile coverage by a sensor, with the goal of matching thecov
age pro le with a given threat pro le.

Wind Rose a wind rose gives an information-laden view of how wspmkedanddirectionare typi-
cally distributed at a particular location. Speci callyspeci es wind direction/speed pairs and their
percentage of occurrence.

10 Exercises

1. What is sensor placement problem and what is sensor damsitrol problem. And explain how
these two are related.
Solution: Sensor placement is to place sensors in order to ful ll@earperformance criteria. On the
other hand, if inexpensive sensors with a limited battdeydre available, they are usually deployed
with high density. The most important issue in this case issidg control — how to control the
density and relative locations attivesensors at any time so that they properly cover the mongorin
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area. The two problem both broil down to the issue of deteingia set of locations either to place
sensors or to activate sensors in the vicinity.

2. Why we need-coverageK> 1)?
Solution: more than one readings are required in some applicatioinh, &s localizing or tracking
targets. Alsdk-coverage can be used to increase the ability of faulty dolee.

3. Give one suf cient condition for complete coverage byngssensors witikonvexsensing area. Does
your condition hold for sensors with arbitrary sensing @rea
Solution: Lemma 1 still holds when changing the sensing area fromepedisks toconvexareas.
But a simple example can show that Lemma 1 does not hold ang ihthre sensing area could be
concave

4. Sketch a proofthat complete coverage of a convex aregsymnnectivity among the sensors, given
that the radio range; is at least as twice the sensing ramge
Solution: We prove this by contradiction. If a network is disconnégtiiere exists a pair of nodes
between which no path exists. LE5; D) be a pair of nodes with theinimumdistance among all
pairs of disconnected nodes . Considering the circle whestecis on the line from nodeto node
D, the distance between its cen@and nodeSis r.. We claim that there must exist some other node
within or on the circle. Otherwise we can nd a point n€athat is not covered by any node, which
violates the condition of coverage. Let noBéde such a node that lies within or on the circle. We
can see thgtSO > jPDj, which contradicts the assumption that nodes S and D havenithienum
distance among all the pairs of disconnected nodes.

5. For simplicity of algorithm discussion in OGDC, we havewsed that all nodes are time synchro-
nized. Find a way to relax this by only requiring relative éisynchronization.
Solution: In the rst round we designate a sensor node to be the stantde. When the starting
node sends a power-on message, it includes in its power-esage a duratiodT after which the
receivers should wake up for the next round. When a nonisgiambde broadcasts a power-on mes-
sage, it reduces the value @T by the time elapsed since it receives the last power-on rgessad
includes the new value @fT in its power-on message. In this fashion, all the nodes gettspnized
with the starting node and will all wake up at the beginninghaf next round.

6. Prove that the two problem formulations in Section 2.2eaypaivalent.
Solution: Suppose we have a solution algoritiviin_N(R) to minimize the number of sensoks
given the sensing randg® We can construct, based on binary search, a solution gigokilin_R(N)
to the second problem as follows. Ltin and Rnax denote the minimum and maximum possible
values of the rang®. At the beginning, we seRmin = 0, andRnax to cover the entire area. Now
let R=( Rmin+ Rmax =2, and we invokeMax N(R) and compare the return coverag®against the
givenN for the second problem. N°= N, thenR s the optimal value; else K°> N, we continue
the search in the intervilRmin; R]; else (N\°< N), we continue the search in the inter{a] Rmay.

7. Propose another heuristic algorithm, other tBene-Incrementafor the partiak-coverage problem.
Solution: Partialk-cover can also be achieved based on partial 1-cover ani-tdier algorithms
proposed above. Speci cally, by invoking a partial 1-coaéyorithm, we can locate cells that can
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be 1-covered in order to satisfy the coverage utility regpuient. Then we invoke the fdlcoverage
algorithm on those cells that have been 1-covered.

. How does the instantaneous coverage of a mobile sengarfdifm a static sensor? In what situations

might mobile sensors be desired?

Solution: The instantaneous coverage of a mobile sensor is the sam&taisc sensor. However, the
coverage of a mobile sensor is larger than that of a statisoseyver time. Mobile sensors can be
useful to expand the area of coverage without increasinguigber of sensors.

. If a mobile sensor uses the random waypoint algorithm io@en rectangular area, what do you

think would be the coverage pro le? Explain why.

Solution: Although RWP picks the destination of each trip with a unifity random probability, the
coverage pro le is not uniform. Instead, the coverage warddcentrate in the middle of the area,
and the edges and corners would be largely ignored. Thisdause from any given position, the
sensor is more likely to move towards the center of the areaefample, if the sensor is now close
to the SE corner, then the next destination it picks will migsty be in the NW direction, resulting
in movement towards the center.

Suppose three cells, 1, 2, and 3 form a horizontal grichat order, i.e., Cell 2 is in the middle

between 1 and 3. Suppose the threat pro le is (0.5, 0, 0.5ptphuse time values would be effective
for accurate matching? What is the problem in practice afgisiich a pause time value?

Solution: In this case, we want 50% coverage for 1 and 3, but 0 for 2. Hewgle sensor cannot

go between 1 and 3 without going through 2. An accurate swidtir matching in this case is for the

sensor to stay a long time at 1, quickly go to 3 through 2, stagcually long time at 3, and so on.

The practical problem is, however, the sensor will be ab&errolonged periods from both 1 and

3, which may delay the discovery of interesting events aséhaells.

For the dynamic events described in Section 5.2, whyiisgeneral advantageous for the sensor to
move as quickly as possible between the Pols in order to tetenany events as possible?
Solution: Each event in Section 5.2 appears in a Pol, stays for a whdapgears, and then the next
event will appear after some time. Since we are interesté&dinrthe number of events detected,
there is no reason for the sensor to stay after it has seenesm. éwdeed, the sensor will not gain
new information for an expected time until the next eventesgwp. The sensor should instead go to
another Pol to look for more information.
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Appendix
A.1l. Proof of Lemma 2

The Lemma is proved by showing that given the conditiongdtat the lemma, the number of working
sensor nodes and the overlap have a linear relationshipawitisitive slope.
Let the indicator function of a working nodegli(x), be de ned as

Ir(X) = 1lifx2R;
RW™= 0 otherwise

Let RObe a region that contairgand the coverage areas of all sensor nodes. Then the cowemyef

R
a sensor nodeis a disk with the sizeRoIi(x)dxé iSij.» wherejSj denotes the size of the ar8acovered
by sensor node By condition (ii),jSj = j§ for all i. With the de nition of I;(X), the overlap at poirt
can be written as

N
L= &1 1rX; (14)
i=1

whereN is the number of working nodes, and the overlap of sensingsavéall the sensor nodes,
can be written as
Zz
L= L(x)dx
o™
Zz

Ro(glli(X) Ir(X)) dx

N Z

iéjl Roli(X)dXJ' R

NjS | Rj; (15)
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where condition (i) is implied in the rst equality and cotidn (ii) is implied in the fourth equality.
Eq. (15) states that minimizing the number of working nodés equivalent to minimizing the overlap
of sensing areas of all the sensor nodes 0

A.2. Proof of Lemma 3

There are multiple coverage areas centeré&d'sitand they all intersect at poi@. The centers of these
coverage areas are labeledGswith the indexi increasing clockwise. (Fig. 1 gives the case&ef 3,
whereC; = A, C; = B, andCs = C.) Now & 18GiOCimog+ 1 = 2P @and8GiOC mod+ 1 + @i = P-
From the above equations, one can derive 8fatai = (k 2)p. 0



