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Abstract

SearchandRescueoperationsrely heavily on genericsearchpatternswhenusingair-

craft in a searcheffort. Thesesearchpatternsneedto bemanuallymodi�ed to acco-

modatethe areato be searched.This dissertationproposesto useheuristicmethods

to generatesearchpatternsto �t theareainsteadof modifying a genericpattern.With

this aim in mind, this dissertationdescribesan implementationof onesuchheuristic

methodin a SearchManagementtool. This SearchManagementtool incorporatesthe

ability to view andmaintainthestatusof a searcheffort alongwith thesearchpattern

generation.Thesefunctionalitiesprovide a tool to usethroughouta searcheffort to

de�ne thesearcharea,generatethesearchpatternsasnecessary, andview thecurrent

statusof thesearcheffort. Additionally this SearchManagementtool includestheca-

pability for XML messaging,allowing usersin the �eld to sendupdatedinformation

to thesearchmanagerthroughtheSearchManagementtool.
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Chapter 1

Intr oduction

SearchandRescueoperationsare performedthroughoutthe world by both govern-

ment agenciesand agenciesin the private sector. Thesecan include looking for a

missingchild, a hiker who did not return to campas expected,or even a military

aircraft lost at sea. While somemay feel that usingcomputersin searchandrescue

efforts is merelyaway to distancetheSearchandRescuemanagerfrom theoperation

[Stoffel etal., 1998], looking at the SearchandRescuetechniquesasa whole, there

area few areaswherecomputerscanassisttheSearchandRescuecoordinatorsin per-

forming their job moreef�ciently . OneareaI will beinvestigatingin this paperis the

useandcreationof searchpatternsin searchefforts usingaircraft.

Searchoperationsaregenerallycompletedin thefollowing steps:determiningthe

areato besearched,performinga quick searchof themostlikely areas,searchingthe

areausingsearchpatterns,and�nally usingareasaturationto completelyexplorethe

area.Of thesesteps,thede�nition of thesearchpatternsis theonerequiringtheleast

subjective judgementto arrive at an appropriatesolutionfor the area. In fact, since

mostsearchmanagersusebasic,genericpatternsthatmustthenbemodi�ed to �t the

situation,acomputertool maybeableto provideabetterpatternfor agivenarea.

1



Chapter 1. Introduction 2

Thesesearchpatternsdescribein detail the path an aircraft should take when

searchinganareafor any signof the lost or injuredsubject.However, thesepatterns

canbe limited asthe searchmanagerstendto usea selectfew genericpatternsand

modify themindividually to accommodatetheareathatneedsto besearched.As the

problemof �nding a subjectwithin anareais very similar to theproblemin robotics

of �nding anobjectwithin apolygonalarea,heuristicmethodsfrom that�eld of study

usedto de�ne a patterncanbeappliedto theSearchandRescue�eld. Theseheuristic

methodsmayprovide moreef�cient pathsto usein a search,but at thevery leastthey

would provide a searchpaththatwould not needto beindividually modi�ed for each

sectorthataircraftaircraftsearch.Thiswouldsave thesearchmanagertimeandeffort

in choosingthegenericsearchpatternto useandmodifying it to �t thesector.

Oncetheseheuristicmethodshave beenexamined,an implementationof these

heuristicswould helptheSearchandRescue�eld apply this changeto its operations.

Thesearchmanagerswouldbemorewilling to usetheheuristicallygeneratedpatterns

if a computerapplicationformulatedthemaccordingto theheuristicmethodsinstead

of themanagerhaving to manuallyfollow analgorithmto createthem.

By drawing on the information given by Searchand Rescuemanualsfrom

the UK [Stoffel et al., 1998], Canada[CanadaSAR Manual,1998] and the USA

[UnitedStatesSAR Manual,1991], thispaperdelvesinto theuseof patternsin Search

and Rescueoperations. It then investigatesthe useof algorithmspreviously used

primarily in otherareassuchas robotics[Gewali andNtafos,1998, Leeetal., 1996,

Moretetal., 1997, Ntafos,1992, Tan,2001, TanandHirata,2003] and CAD/CAM

[Arkin etal., 2001, Arya etal., 2001], and their applicationsto the generationof

searchpatternsthat canbeusedin searchingan areawith aircraft. Thesealgorithms

detail methodsto cover a speci�ed region usingtracksof a de�ned width andbased
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on a variety of relatedNP-Hardto NP-Completeproblems. Using thesealgorithms

to de�ne searchpatternsthatcover anareamayprovide moreef�cient solutionsthan

modifyingagenericpatternto �t thesituation.

Oncea selectionof thesealgorithmshasbeenexamined,this paperdiscussesthe

algorithmsandsoftwareneededto de�ne thesepatternsin a sphericalspace,repre-

sentingtheglobeof the earth,andthe processof implementingsuchalgorithmsin a

mannerthatsearchmanagerswould beableto usein a SearchandRescueoperation.

Finally, this paperdiscusesfurtherareasthatsuchan implementationcanbedirected

to furtherassistSearchandRescuemanagersin theirefforts.



Chapter 2

Backgr ound

2.1 Search and Rescue techniques

SearchandRescueis the act of searchingfor, rescuing,or recovering by meansof

ground,marine,or air activity any personwhobecomeslost, injured,or is killed while

outdoorsor asa resultof a naturalor man-madedisaster[Stoffel et al., 1998]. This

term describestwo separatefunctionswhich have beendevelopedin differentman-

ners.Rescueutilisesprovenproceduresalongwith a highdegreeof technicalskill for

victim retrieval while searchfor the lost or injured subjecthasdevelopedinto a so-

phisticatedscienceinvolving agreatmany moderninvestigationtechniques.Statistics,

probability, humanbehaviour, interviewing, terrainevaluationandtrackingarea few

of the standardtools usedin a modernsearch[Stoffel et al., 1998]. While both the

searchandthe rescueaspectsof SearchandRescueoperationsareinterestingareas,

weareprimarily investigatingthesearchhalf of SearchandRescue.

4



Chapter 2. Background 5

2.1.1 De�nition of the Search Area

The �rst stepin an orderly approachto searchstrategy is to establishan appropriate

searcharea,or thetotal areato beinvestigated.Theperipheryof thesearchareais de-

�ned usingcon�nementtacticsbasedon the lost subject's behaviour andgoodinitial

informationgatheringtechniquessuchasinterviewing. This searchareamayberede-

�ned if theexisting areahasbeensearchedto satisfactionwith no successor asnew

informationor cluesbecomeavailable. The Probabilityof Area (POA), or the prob-

ability that the subjectis in a particularsegmentof the searcharea,is de�ned using

thepoint thesubjectwaslastseenandthelastknown positionof thesubject.Thelast

known positionmaybethesameasthepoint lastseen,but it couldalsobeadeparture

pointsuchasatrailhead,campsite,or adiscoveredcluethatcanbereasonablyveri�ed

to beassociatedwith thesubject.The last known positionchangeswith time asnew

cluesarediscoveredwhile theplacethatthesubjectwaslastseenusuallyremainscon-

stant.Thesearchareadoesnot becomesmallerbut thesearcheffort doesgrow closer

to thesubjectwith everychangein thelastknown position[Stoffel et al., 1998].

Thereare four major methodsto establisha searcharea. The theoreticalsearch

areais a plottedzoneon themapindicatingthemaximumdistancethesubjectcould

have travelledfrom thelastknown position,point lastseen,or from a suspectedpoint

of departureduring the elapsedtime. An individual can theoreticallytravel in any

directionfrom theinitial planningpoint,point lastseen,or lastknown positionandthe

searchareais drawn with this in mind.

Thestatisticalsearchareais derivedfrom previousincidents,asstatisticscangive

alikely distancethesubjectmayhavetravelled.For example,givendatafrom previous

lost hiker incidentsin a similar region thetendency maybefor thehikersto befound

approximately1.6milesfrom thelastknown position.Informationsuchasthiscanbe
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usedto calculatezonesof probabilitywherethereis a tendency for thesubjectto be.

Subjectivesearchareasareusuallydeterminedby anexperiencedsearchcoordina-

tor. Factorsaffectingsubjective searchareasinclude“lik ely spots”or featureswhich

would offer someattractionto the lost person,naturalbarriersand terrain features,

physicalcluesleft by thesubject,historicaldataof theareafrom casehistories,intu-

ition basedon experienceandspecialcircumstances,andphysicalandmentallimita-

tionsof thesubject.For themostpartthesefactorsareintangibleandin theabsenceof

agreement,oneauthorityor personalitymay stronglyin�uence the perceptionof the

probablearea.However, whenthe last known positionis not entirely relevant to the

searcharea,considerationof thesefactorsmayprove invaluable.

Searchareasmay also be de�ned by the use of deductive reasoningin which

the searchmanagerlooks at generalfactsandcircumstantialevidenceand logically

deducesprobable conclusionsthat are not obvious or were not known initially

[Stoffel etal., 1998]. This is alsoa highly subjective methodto de�ning searchareas

andis oftenusedin conjunctionwith othermethodsto de�ne searchareas.

Searchareascanbeestablishedusingany or all of theabove methods,depending

on the preferencesof the searchmanagerandwhich methodsthe situationwarrants.

The importantpoint is that the searchmanagercanjustify his choicein establishing

thesearchareaandthatthereis ahigh likelihoodthatthesubjectis within thearea.

2.1.2 De�nition of Search Sector s

The searchmanager, by using combinationsof the methodsdiscussedabove, must

assurethatthereexistsade�nedsearcharea.Oncethis is clearlyde�ned, thenext task

is to divide theareainto sectorsthatcanbereliably searched.This is doneto assure

completecoverageof thesearcharea,enablethesearchersto completeshift objectives
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in a reasonabletime,andto reducetheoveralleffort by thesearchers.

De�ning thesectorboundariesrequirescarefulthought,goodmapreadingand,ide-

ally, knowledgeof theregion. Sectorsintendedto besearchedwith groundresources

may requiredifferentsectorboundariesthansectorsintendedto be searchedvia the

air. In groundsearch,theuseof linessuchaslatitudeandlongitudeis not idealasthe

searchersin the �eld rarely have the ability to usetheselines asidenti�able bound-

aries. Therefore,the choiceof boundariesmustbe basedon what can be seenand

readily identi�ed in the �eld by all searchers.Suitableboundaries,for example,may

beman-madesuchasfencesor roads,naturalsuchasridgelinesor vegetationbreaks,

or improvisedsuchascompasslinesor point-to-point,alsoreferredto asline of sight

[Stoffel etal., 1998]. This is wherea personstayswithin sight of a certainpoint, a

building for example,andconductsthe searcharoundthis point. This could alsobe

stayingwithin sightof a longerobject,suchasa roador a fence,whensearchingand

thusexpandingthesectorwhile maintaininga referenceasto wherethesearcheris.

In an air search,sectorde�nition canmake useof arbitrarylines suchaslatitude

and longitude. There are a variety of methodsto de�ne sectorsusing latitude

and longitude. Canadaprefers using the GEOREF method for de�ning sectors

[CanadaSARManual,1998]. This method is basedon a map with a scale of

1:500,000printed with eachGEOREFgrid square(1 degree latitude by 1 degree

longitude)labelledwith a two-lettercode.Thirty-minutegrid linesarealsoprovided,

subdividing each one-degree by one-degree area into four sub-areas. Theseare

identi�ed numericallyandreferredto asprimarysquares.Thesecanfurtherbedivided

into secondarysquareslabelledalphabeticallyfrom A to D. SeeFigure 2.1 for an

applicationof theGEOREFmethod.

The USA, however, prefers not to use the GEOREF method. Instead,
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Figure 2.1: GEOREF grid

they suggest other methods to de�ne sectors such as the boundary method,

corner method, center point method, track line method and the grid method

[UnitedStatesSAR Manual,1991]. Thesemethodsare merely other ways to use

latitude/longitudecoordinatesto describean area,often in moreconcisemannersto

reduceany radiotransmissionsrequiredin referringto thesearchsector. Theboundary

methoddescribesa rectangularareaorientedeast-westor north-southby listing the

two latitudesand two longitudes. For example,an areamay have boundaries26N

to 27N and 64W to 65W. The corner point methodcan be usedto describeany

non-circularareaby statingthelatitudeandlongitudeor geographicalfeaturesof each

cornerof the area.The centerpoint methodis convenientfor describingany regular

searchareaby giving the latitude and longitudeof the centerpoint and the search

radius, if the areais circular, or the direction of the major axis and the applicable

dimensions,if theareais rectangular. Thetracklinemethodmethodlists thestartand

�nish pointsof a track andthe width of the coverageareaaroundthat track. This is

oftenusedif thesearchmanagerknows thepaththesubjecttook andis concentrating

thesearcharoundthispath.Thegrid methodis basedongrid chartsandis verysimilar
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to the GEOREFmethodasit, too, refersto grids usingdetailslisted on a grid chart

[UnitedStatesSAR Manual,1991]. This methodrequireseveryoneworking with the

samegrid chart,asany differencescancauseconfusionwhenreferringto thesector.

Anotherimportantaspectto considerwhende�ning sectorboundariesis the size

of a sector. A sectorshouldbe coverableby a searchteamin a four to six hour pe-

riod. This allows theteamto completetheassignment,havea break,andbeshiftedto

anothersectorwhile alsoallowing themasenseof accomplishmentin �nishing anob-

jective. Sectorsthataretoo smallcancauselogistic problemswith moving thesearch

teamstoooften[Stoffel et al., 1998].

2.1.3 Sector Probabilities

After de�ning thesearchsectors,thesearchmanagerneedsto assignprobabilitiesto

the sectors.Theseprobabilitiesrepresentthe probability the subjectis in that sector

andthereforeranksthesegmentsin theorderof priority thateachshouldbesearched

andhow thoroughlythethesectorshouldbesearched.A sectorwith a low probability

shouldbe ranked low in the priority list of sectorsand not necessarilysearchedas

thoroughlyasasectorwith ahighprobability. Thesevaluescanbechangedthroughout

thesearchasnew sectorsareaddedor cluesarefound. Therearemany techniquesto

assignprobabilitiesto sectorssuchastheMattsonConsensusApproachandtheSector

LadderTechnique[Stoffel et al., 1998].

TheMattsonConsensusApproachentailstheprincipalmembersof thesearchplan-

ning teamto individually andindependentlyassignvaluesto eachsector, totalling100

pointsover all sectors.Thesevaluesarethenaveragedby sector, with theseaverages

representingtheprobabilitiesof thesectors[Stoffel et al., 1998].

The SectorLadderTechniqueis a simple methodto prioritise the sectors. The
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sectorsarerankedin orderof priority with therestof theworld, or any areaoutsidethe

de�ned searcharea,last. As sectorsaresearched,they dropdown in therankingand

theunsearchedsectorsmoveup [Stoffel et al., 1998].

The probability assignedto a sectormay changeascluesare found. If a highly

relevant clue is found, the relevancebeinga subjective decisionmadeby the search

manager, thentheprobabilitiesassignedto eachsectorshouldbere-evaluatedandthe

sectorsre-prioritised.

The probability that the subjectis in a given sectoris just one issuefacing the

searchmanager. The probabilityof detectingthe subjectwithin the sectormustalso

be considered.This probability is basedon several factorsincluding the methodof

searchingthe sector, the size of the sector, and the size, experience,and motiva-

tion of the searchteam[Stoffel et al., 1998]. The searchmanager's goal shouldbe

to maximisethe probability of detectionwith the availableresources.In doing this,

the searchmanagerneedsto considerseveral factorsthat canimpact the probability

of detection. Onesuchfactor is searcherfatigue,which canhave a vital impacton

the probability of detection. While dataon the fatigueandeffectivenessof ground

searchersis lacking, maritimeandair searchandrescuefatiguestudieshave shown

that searchersaremosteffective during the �rst four hourswith the maximumef�-

ciency within the�rst hour[Stoffel et al., 1998]. Otherfactorsincludethetime avail-

ableor allowed to accomplishthe search,the sizeof the sectorto be searched,the

searchmethodandthe numberof passesor sweepsto be performedwhenassigning

resourcesto searcha sector. Thesearchmanagerneedsto balancetheprobability the

subjectis in theareawith theresourcesavailableaswell. For example,thelikelihood

of successis greatly increasedwith the highernumberof sweepsmadeon a sector

[Stoffel etal., 1998, CanadaSARManual,1998].However, additionalsweepsrequire
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additionalresourcessoasectorwith alow priority in therankingwouldnothavemany

sweepsdedicatedto it.

2.1.4 Search Methods and Patterns

Oncethe searchmanagerhasde�ned the searcharea,divided it into prioritisedsec-

torsandassignedtheresourcesrequiredfor eachsector, heneedsto de�ne thesearch

methodfor eachsector. Therearethreebasicsearchmethods.The �rst is a method

usedwhenthesearchteamarrivesshortlyafterthesubjectis reportedmissing.Small

teamsaredispatchedto checkadjacenttrails, ridges,drainages,pondsandall known

structuresin the area. Roadsarealsochecked andpatrolledif possible.The second

searchmethodusessearchpatterns,which areusedto cover the sectorsrapidly and

ef�ciently with the searchteamsbeingslightly larger. The third searchmethoduses

areasaturationto completelyexplorea sector[Stoffel et al., 1998]. The�rst andthird

methodsarefairly straightforward,soweareconcentratingon thesecondmethod:the

de�nition of searchpatterns.

Searchpatternsarevitally importantto thesecondsearchmethodasthey describe

how thoroughthesectorwill becovered.Groundsearcherstendto uselessstructured

searchpatternsthanaircraft searchers.Oneexampleof a groundsearchpatternis a

searchteamconsistingof threesearchersandonecompass-bearer. Thecompassbearer

followsadesignatedbearingandthesearchersarefreetowander, checkinglikelyspots

while continually guiding on the compassbearer[Stoffel et al., 1998]. This can be

seenin Figure2.2wherethecompassbearersarerepresentedby the'X' linesandthe

searchersfollow randompathssuchasthe'O' lines,investigatingturf at theirownwill.

Groundsearchersfollowing techniquessuchasthis caneasilybepairedwith aircraft

searchfollowing oneof thestructuredpatternsdescribedbelow. This combinationof
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Figure 2.2: Typical Ground Search Method

groundandair searchcanfully andrapidlysearchagivensectorof thesearcharea.

Search patterns for aircraft tend to be more structured and also provide

varying degrees of coverage. There are several different generic search pat-

terns which are commonly used in aircraft search operations. These in-

clude creeping lines, expanding squares, sector search, and contour search

[Stoffel etal., 1998, CanadaSAR Manual,1998, UnitedStatesSAR Manual,1991].

Pilots aregenerallyassigneda sectorto searchwith the pattern,altitude,andspeed

determinedby thesearchmanager. Thesearchmanagerchoosesthepatternbasedon

severalconstraints.If thesearchareais large,thecreepinglinespattern(Figure2.3) is

mostsuitablesincetherearefewer turnsandnavigationis moreaccurate.

Theexpandingsquaresearchpattern(Figure2.4) is usedwhenthe locationof the

searchsubjectis known with reasonableaccuracy. It requiresprecisenavigation to

avoid gapsin the coverageandcanthusly causesearcherfatiguemorequickly than

with otherpatterns.

The sectorpattern(Figure2.5) is usedwhenthe searchareais not extensive and

the subjectis dif�cult to detect. The chief advantageof the sectorsearchis that the
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Figure 2.3: Creeping Line search pattern

Figure 2.4: Expanding Square search pattern

trackspacingat thecenterof thesearchis verysmall,resultingin agreaterprobability

of detectionin the areaof greatestprobability, assumingthe centerof the sectorhas

thehighestprobability.

A contour search(Figure 2.6) is one that follows the contoursof the land,.

This can be a hazardoussearchprocedureso the aircraft used must be highly

manoeuvrableandthe crew mustbe experiencedin mountainousterrain. Also, only

one aircraft may be assignedto a sectorfor a contoursearchto minimise the risk
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Figure 2.5: Sector search pattern [Canada SAR Manual, 1998]

[CanadaSARManual,1998]. However, this searchtechniqueis the bestchoicein

mountainousterrainasit allows theaircraftto maintaina consistentdistancefrom the

earth,increasingthelikelihoodof �nding thesubject.

Figure 2.6: Contour search pattern [Canada SAR Manual, 1998]

Whende�ning thesearchpatternto usein searchingasector, someadditionalfac-

torsneedto bedecided.Theseincludethesweepwidth andtrackspacing.Thesweep

width is a measureof thedetectioncapabilityof theaircraft. Thespeed,altitudeand

typeof aircraft,weather, visibility of thesubjectandseveralothervariablesaffect the



Chapter 2. Background 15

sweepwidth. The sweepwidth is obtainedby choosinga valuelessthanthe maxi-

mumdetectionrangeof theaircraft so thatscatteredtargetsmaybe detectedbeyond

thesweepwidth areequalin numberto thosewhich maybemissedwithin thesweep

width. Thetrackspacingis thedistancebetweenadjacentsearchtracks,whetherthese

areby simultaneoussweepsof severalunitsor successive sweepsof a singleaircraft.

Thesmallerthetrackspacingis, thehigherthelikelihoodwill beof detectingany ob-

ject within the sector. However, decreasingthe track spacingincreasesthe time for

any givenaircraftto cover thesearcharea,or alternatively requiresmoreaircraftunits

to completethesearchin thesametime. Figure2.7 shows how thesweepwidth and

trackspacingrelateto eachothercanbecalculatedwhile Figure2.8showstherelation

betweentrackspacingandtrackwidth.

2.2 Search Pattern Heuristics

The genericsearchpatternsusedby aircraft, as describedabove in Section2.1.4,

may not cover the sectorin the most ef�cient manner. A methodusedin robotics

to searcha given polygonal region for an unknown subjectcan be applied to the

Searchand Rescuearea. Thesemethodsare primarily basedon the Lawnmower

problem [Moret etal., 1997]. The Lawnmower problem, an NP-Hard problem,

requiresthe inside of a polygonal region to be completelycovered at a minimal

cost, typically with the shortestpath. Related problems include the Ice Rink

problem [Moret etal., 1997], the pocket-milling problem [Ntafos,1992], and the

d-Sweeperproblem[Ntafos,1992]. In the milling problem,one also requiresthat

a cutter never cut outsidethe boundaryof the region, and thus never approachthe

boundaryto within the cutting radius. This characteristicis lessimportantin search
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Figure 2.7: Sweep Width Calculation [Canada SAR Manual, 1998]

patternsas it is usually acceptableto go outside the sector boundaries,however

minimising theseforays outsidethe sectoris important for ef�ciency. While this

problemis NP-Hard,thereareseveral heuristicalgorithmsto �nd approximatedso-

lutions [Moret etal., 1997, Ntafos,1992, Gewali andNtafos,1998, Arya etal., 2001,

TanandHirata,2003, Arkin etal., 2001, Leeetal., 1996, Tan,2001]. Thesealgo-

rithms provide near-optimal routes that provide ef�cient coverageof a polygonal

area. As thereare several differentalgorithmsto provide solutionsto theserelated

problems,I will becoveringa few mostrelevantto thepatterndevelopmentin Search

andRescue.
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Figure 2.8: Track Spacing and Sweep Width

2.2.1 Ice-Rink Problem

Moret [Moret etal., 1997] suggeststwo algorithmsto �nd ef�cient coverageof polyg-

onalareasthatcanbeusedby airplanesin a searchoperation.Thesealgorithmsmin-

imise the numberof turnsasairplanestake more time turning thancontinuingin a

straightline. The algorithmsalsoattemptto keepthe radiusof the turnsaslarge as

possibleto maximisethe speedof the aircraft in a turn aswell. Both algorithmsare

basedonaZambonipolygon[Moret etal., 1997] which is de�nedasasimplepolygon

composedof a rectangularmiddlepiece�ankedby two endcaps,eachconsistingof a

polygonalline monotonicwith respectto thetwo endsegmentsof therectangle.Any

convex polygonis a Zambonipolygonsincewe canregardit ascomposedof two end

capswith adegeneratemiddlepiece.

The �rst suchheuristicalgorithm,calledthe ZamboniDecompositionalgorithm,

directly decomposesthe polygonalareato be searchedinto a variationof Zamboni

polygons.Sincewearemoreinterestedin generatinglargepiecesthengeneratingfew

pieces,we canusegreedyalgorithmsto decomposethe polygonalareawith a local

iterative improvement,attemptingto increasethe size of the largestZambonipiece
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identi�ed beforeproceedingrecursively with the remainingpieces.This ensureswe

get the largestZambonipolygonswe can�nd in the polygonalarea. EachZamboni

shapethenyieldsa numberof sweeptracks,generallyin a creepingline pattern.The

algorithmthenusesa Travelling SalespersonProblem(TSP)solutionto connectthe

tracksoptimally, knowing thecostof eachconnection[Moret etal., 1997]. SeeFigure

2.9 for anexampleof thesweeptrackstheZamboniDecompositionalgorithmforms

for anirregularpolygon.

Figure 2.9: Zamboni Decomposition [Moret et al., 1997]

ThesecondheuristicalgorithmbasedontheZambonipolygon,theUniskeletalDe-

compositionalgorithm,usesthecharacteristicof Zambonipolygonsasa de�nition of

their middle pieceby a medialaxis. This is the polygonalline usedin the transla-

tion. After computingtheskeletonof thepolygon,with somenoise-reductionmethods

to avoid detailedbranchesinducedby small featuresof the perimeter, the algorithm

decomposesthe skeletoninto generalisedpolygonallines. Eachpolygonalline de-

�nes a generalisedversionof a Zambonipolygon,which canbesweptby paralleling

thepolygonalline. This contour-following approachis commonlyusedin themilling

problem.Then,aswith theZamboniDecomposition,thealgorithmusesa TSPsolu-
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tion to connectthe sweeplines [Moret etal., 1997]. SeeFigure2.10for an example

of the sweeptracksthe UniskeletalDecompositionalgorithmforms for an irregular

polygon.

Figure 2.10: Uniskeletal Decomposition [Moret et al., 1997]

Bothof theseapproachesconcentrateonthecoreof thesearchareaandlendthem-

selveswell to an optimisationbasedon maximisingearly returns. Both approaches

also allow the incorporationof additional information or constraints,suchas a re-

quiredsweepedgeor line. Thisenablestheroutecreatedby thealgorithmsto account

for searchingterrainspeci�cally, suchassearchingalongtheedgeof a forestor along

a coast.However, bothapproachesalsosuffer from thecreationof smallartefacts,or

very small regionsof the polygonthat requirea large numberof short tracksanda

largenumberof turnsfor very little area,thisbeingmorepronouncedin theUniskele-

tal Decompositionapproach.This canbecounteredby re-aligningsomeof thesweep

linesto conformto thesweeppatternusedin theadjacent,andusuallylarger, area.The

TSPalgorithmcanalsobeprioritisedunderthereasonableassumptionthat thetarget

is unlikely to befoundin thelastfew percentof thearea.
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2.2.2 D-Sweeper Problem

Ntafos[Ntafos,1992] refersto thed-sweeperproblemto solveasimilarproblem.The

d-sweeperproblemis basedontheWatchmanRouteproblem,whichasksfor theshort-

estroutefrom a point backto itself with thepropertythateachpoint in a givenspace

is visible from at leastonepoint alongtheroute. However, this problemassumesthe

visibility insidethepolygonis in�nite, which causesthis problemto becomea ques-

tion of �nding theroutearoundtheboundaryof thepolygonwithin a certaindistance.

Since,in SearchandRescue,visibility becomesa problem,we turn to thed-sweeper

problem,which asksfor theshortestroutefrom a point backto itself whenthereis a

visibility ranged andwe areinterestedin viewing thewhole interior of thepolygon.

The d-sweeperproblemis alsorelatedto the TSPproblemin grids. It is possibleto

superimposea grid of unit size2d on thepolygon,clip portionsof thegrid on theex-

terior of the polygonandaskfor the shortestTSProutethat visits all verticesof the

grid. Thenwe canadaptthegrid solutionto thepolygonby makinglocal adjustments

[Ntafos,1992]. Thequality of theresultingsolutiondependson how �ne thegrid is.

If theresultingroutevisits eachvertex on thegrid only once,we have a Hamiltonian

circuit andanoptimumTSProuteandthereforeanoptimumsearchpattern.An exam-

pleof thed-sweepermethodonapyramid-typeshapecanbeseenin Figure2.11.This

showstheoutlineof thepolygonwith aTSPsolutioninsidethepolygon.Thissolution

is built ona grid, coveringall verticesof thegrid within thepolygon.

Thesealgorithmsareexamplesof heuristicsolutionsto the NP-Hardproblemof

�nding ef�cient routesthat cover a given polygonalarea. Thesesolutionscould be

appliedto aSearchandRescueoperationto devisesearchpatternsthatef�ciently cover

asectorof thesearcharea.Thegenericsearchpatternsthatarecurrentlyusedin Search

andRescuemaynotusetheresourcesof thepilot andaircraftveryef�ciently because
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Figure 2.11: d-sweeper pattern within a polygon

theoverallshapeof thesearchpatterncouldeasilynotmatchtheshapeof thesectorto

besearched.By usingtheresourcesmoreef�ciently , thesearchof thesectorcouldbe

completedwith fewer resources,which allows additionalsweepsof a sectorgiventhe

availableresourcesandthuslyincreasestheprobabilityof detection.

It wouldbeharderto applythesemoreef�cient searchpatternsto groundsearchas

therearesomelearnabilityissues.Theseroutesmaynotbethemostobviousroutesto

usein searchinganareaandwould thereforenot beeasyfor thesearchersin question

to follow carefully andsearchthe sectorthoroughly. Also, it is moredif�cult for a

personon thegroundto maintaina directheadingastheremaybeterrainobstaclesin

thewayor just thecommonhumannaturenot to walk in astraightline for anextended

periodof time. Therefore,it is betterto apply thesenew searchpatternsto aircraft

search.



Chapter 3

Implementation of a Search

Management Tool

3.1 Objectives

Oneprimary aim of this project is to implementan automaticgenerationof search

patterns.This automaticgenerationof searchpatternscanwork togetherwith other

projectgoalsto provide a SearchManagementtool that providesfunctionality for a

searchmanagerto coordinatevariousaspectsof thesearchoperation.To do this, the

resultingimplementationneedsto ful�l somebasicobjectives.

3.1.1 User De�ned Search Area

Oneof the �rst stepsa searchmanagerdoeswhenbeginninga searchoperationis to

de�ne theareato besearched.This areais thendividedinto sectorsbasedon various

probabilitiesthat the subjectis in an areaand to de�ne the terrainof the area. For

example,therecould be a high probability that the subjectis in a certain�eld with

22
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lower probability the subjectis in an adjoiningforest. Theseprobabilitiesaredeter-

minedbasedon a numberof aspects,detailedin Chapter2. To assisttheSearchand

Rescuemanagerin de�ning thesesectorsandthereforede�ning thesearcharea,which

is wholly andcompletelycomposedof sectors,theimplementationwill allow theuser

to “draw” thesearchsectorsontoanunderlyingmapusingthemouse.Oncedrawn, the

searchmanagercangetthelatitude/longitudecoordinatesof theverticesof thesectors

to usein furthertasksin managingthesearchoperation.

TheSearchManagementtoolwill makeafew assumptionsonthesectorsthesearch

managerwill draw on themap. Thesectorswill be in a closedpolygonalshapewith

no “holes,” whicharesmallerpolygonscompletelycontainedwithin a largerone.The

sectorswill alsoneitheroverlapnor leavegapsin thesearcharea.In otherwords,any

point in thesearchareawill becoveredby oneandonly onesector. If anareaof the

mapis not within a drawn sector, it will beassumedto beoutsidethede�ned search

areafor this searchoperation.

3.1.2 De�ning Constraints on Sector s

Oncethesectorshave beende�ned by thesearchmanagerbasedon theassumptions,

the next stepfor the searchmanageris to de�ne variousconstraintsfor eachsector.

Theseconstraintsincludethe probability the subjectis within the sectorandthe in-

dividual searchersassignedto the sector. This SearchManagementtool will include

theability for a searchmanagerto assignprobabilitiesandindividual searchersto the

sectors.Thetool will alsoprovideageneral“catch-all” areafor thesearchmanagerto

storeinformationfor eachsector. This stageof thede�nition allows thesearchman-

agerto addany additionalnotes,re�ections,or importantinformationregardingeach

sector.
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3.1.3 Automatic Generation of Search Patterns

After the searchmanagerhasde�ned the sectorsandany constraintshe feelsneces-

saryfor thesector, theSearchManagementtool will automaticallygeneratethesearch

patterns.Thesepatternswill be aimedtowardsair searchastheautomaticde�nition

of air searchpatternshasthemostpotentialusefulnessin a SearchManagementtool.

Thesepatternswill bede�ned in latitude/longitudecoordinatesandwill give ef�cient

coverageof the searchsectorbasedon the user-de�ned track width, or the visibility

distanceof theaircraft. This visibility distancedependson thealtitudetheaircraft is

�ying at, the currentweatherconditions,andany other factorsthat may impact the

ability of the aircraft pilots to searchthe sector. If the userhasnot de�ned a track

width thena default valuewill be assigned.Thesesearchpatternswill be basedon

theheuristicalgorithmsdescribedin Section2.2asthesepatternsaremorelikely to be

moreef�cient thenthegenericsearchpatternsthatsearchmangerstendto usetoday.

3.1.4 Status Repor ting

A searchmanagernotonly needsto de�ne thesearcharea,sectors,andsearchpatterns,

but healsoneedsto monitorthestatusof thevarioussectors.TheSearchManagement

tool will provide the capabilitiesto storethe percentagea sectorhasbeensearched,

the probabilitiesof the subjectbeingin the sector, andany othernotesthe searchers

mayhave on thesector. Thesenotesmayincludevital informationsuchasanitem of

thesubjectwasfoundin a givensectoror any “hunches”theindividualsearchersmay

have in a sector. This statuskeepingfunctionalitywould not bequitesobene�cial if

someonehadto monitora phonecontinuouslyandtranscribeany new statusinforma-

tion. Instead,theSearchManagementtool will provide capabilitiesfor theindividual

searchersto sendinformationto themaintool usingbasicXML messagingcommands.
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Also,usersatthemaintool cansendinformationregardingthesectorsto theindividual

searchersusingXML messaging.This informationincludestheverticesof thesectors,

theverticesof thesearchpatterns,andany statusinformationavailableon thesectors.

3.2 Tools for Implementation of Search Management

Insteadof creatingthis implementationfrom scratch,I investigatedusing existing

technologiesto meetthe objectivesabove. Sincesearchesneedto be plannedon a

geographicalmap,a GeographicalInformationSystemseemsto be the most logical

technologyto usein asearchmanagementimplementation.

3.2.1 Geographical Information Systems

GeographicalInformationSystems(GIS)combinelayersof informationaboutaplace

to give theusera betterunderstandingof thatplace. A GIS providesimprovedman-

agementof resourcesby allowing theuserto query, analyse,andmapdatato support

adecisionmakingprocess[GIS website,2004]. To comparethis to acommonsystem

used,onecould look at transparencieson an overheadprojector. A mapof the area

would be the �rst transparency laid on the projector. Additional informationcould

beplacedon separatetransparencies.For example,thepolitical outlinesof countries

couldbeon onetransparency andif placedon top of themap,theaudiencecouldsee

boththeunderlyingmapandthepolitical boundariesof thecountries.In this manner,

onecanaddadditionallayersof information to the mapandremove layersthat are

unnecessary. A GIS simply takesthis ideaandusesit in a computerapplication.In a

GIS, layerscanbeeitheropaqueor transparent.Opaquelayersdo not allow theusers

to view underlyinglayersandcanbeusefulwhentheapplicationneedstheunderlying
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layersbut theuserdoesnotwishto view thoselayers.Transparentlayersallow theuser

to view all theinformationbelow thelayeralongwith thetransparentlayer. While this

canmakethemapclutteredif severallayersareactive,it alsoallowstheusercomplete

controlof theinformationin themap.

3.2.1.1 Why use a GIS in Search Management?

A searchmanagerneedsto monitor severalaspectsof the SearchandRescueopera-

tion aswell asto beableto de�ne constraintson themap. All this informationcould

bevery messyif it wereall displayeddirectly ontoa map. Having several text areas,

menuoptions,or dialogsboxeswould alsonot be ideal in this situation. Therefore,

storingthe informationon variouslayersin a GIS would provide a conciseandeas-

ily viewablemethodto displaythe informationa searchmanagerneedsto beableto

accessin a searchoperation.If thesearchmanagerdoesnot needto view thesearch

patterns,he cansimply deactivatethe patternlayer andview the statusinstead.The

relevant datais still in the application,just not visible to the user. Also, having this

informationdisplayedonamapprovidesthesearchmanageraneasywayto matchthe

informationin theapplicationwith thevisualaspectsof thearea.For example,a list

of coordinatesfor a searchsector, while providing all the necessaryinformationfor

thesearchmanager, doesnot provide a very goodway to visualisethesectorsso the

searchmanagercanensuretheentiresearchareais covered.

3.2.1.2 Whic h GIS to use?

There are several GIS applicationsin the market, the most popular being ESRI's

ArcGIS [ESRIArcGIS,2004]. While ArcGIS would provide all the functionality

required in a searchmanagementimplementation, the cost can be prohibitive.
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Several other companiesprovide GIS applicationsas well including MapInfo Inc.

[MapInfo, 2004], and BBN Technology[BBN OpenMap,2004]. While theseGIS

applicationswould provide thefunctionalityrequiredfor this implementation,I chose

to useBBN Technology's OpenMapbecauseit is both opensourceand written in

Java. Being able to write the layersrequiredfor the SearchManagementtool in a

languageI amfamiliarandcomfortablewith reducesthelearningcurve in thisproject

while opensourceallows me the ability to investigatein high detail how the GIS

worksif I encounterany problems.

3.2.2 Comm unication Tools

After choosinga GIS applicationto basethe SearchManagementtool on, I turned

to �nding a communicationtool thatwould beableto handletheXML messagesde-

scribedin theobjectivesof this implementation.Ideallythecommunicationtool would

have theability to integratewith theGIS to easilymanagethemessagessentandre-

ceived. I-X [Tateetal., 2004] seemsto be a logical choicein this manneras it has

alreadybeenintegratedwith BBN's OpenMapGIS by ClauirtonSiebra,a PhD stu-

dent at the University of Edinburgh [Siebra,2004], and includesthe ability to send

messagesin basicXML encapsulatingrelevant informationthatcanbestoredon the

implementationof OpenMap.

3.2.2.1 I-X

I-X, by using processpanels,is usedto supportindividual userswho are carrying

out processesand respondingto events in a cooperative working environment

[Tateetal., 2004]. Thesepanelssupportthe trackingof personalor groupissues,the

planningandexecutionof activities andthecheckingof constraints.Thesepanelcan
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alsobe connectedto a Map Tool, displayinginformation in the layersof OpenMap

asnecessary. I-X, while alreadycontainingthe integrationwith BBN OpenMap,also

providesmessagingcapabilitiesusingXML messagingcommands.Theseenablethe

usersto sendinformation via messagingprotocolsfrom one I-X panel to another,

having therelevantinformationappearon theMap Tool whenthemessagearrives.

3.3 Steps to Implementation

Oncetheobjectiveshave beensetandthesupportingapplicationshave beenchosen,

the next stepis to divide the tool implementationinto stepsthat canbe individually

implemented.An obvious division of this searchmanagementimplementationis to

�rst enabletheuserto draw thesectorde�nitions on themap.Oncethis is completed

to satisfaction,the next stepis to provide the functionality for the userto de�ne the

statusinformation.Theseincludetheprobabilitythesubjectis within eachsector, the

searchersassignedto eachsector, the percentageeachsectorhasbeensearched,and

any furthernotesthesearchmanagerwishesto storeattachedto thesectors.The�nal

stepis to implementautomaticgenerationof theair searchpatternsin eachsector. This

stepautomaticallygeneratesa list of latitude/longitudeverticesthat,whenconnected,

provide the searchpatternan aircraft shouldusewhensearchinga particularsector.

Theseautomaticallygeneratedpatternsarebasedon theZamboniDecompositional-

gorithmdescribedin Section2.2.1.

3.4 Algorithms Needed for Implementation

Creatingthe SearchManagementtool requiresmore than just simple coding. De-

scribedhereareseveralalgorithmsandequationsthatrequireadditionalexplanationin
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how they work.

3.4.1 Point in Polygon

This algorithmprovidesthe meansto decideif a givenpoint is insidea closedpoly-

gon. This is usedseveral times in the SearchManagementtool to decideif a lati-

tude/longitudecoordinateis insideauser-de�ned sector, or polygon.While therearea

few algorithmsto decidethis, thesimplestis to draw a line throughthepoint in ques-

tion alongthe latitudeline andcountthenumberof timesthe line crossesanedgeof

thepolygonon eitherside. If thenumberof timesthat line intersectsanedgeon both

sidesof thepoint is odd,thenthepoint in questionis insidethepolygon.Otherwise,it

mustbelying outsidethepolygon[Finley, 1998]. Thereareadditionalcaseshandling

the instanceswhenthepoint is on anedgeor vertex of thepolygon. Beforecounting

thenumberof timestheline crossesanedgeof thepolygon,�rst ensurethatthepoint

is not a vertex. If thepoint is on anedgeof thepolygonthenthenumberof timesthe

drawn line will passthroughthe polygonon onesidewill be zero,andon the other

sideit will beanoddnumber. Usingthisproperty, it is easyto determineif apoint lies

on theedgeof thepolygon. An exampleof this algorithmcanbeseenin Figure3.1.

In this �gure, thepoint in questionhastheline drawn throughit, intersectingtheedges

of thepolygon.On theright side,theline intersectsthepolygonthreetimeswhile on

theleft sideit intersectsthepolygon� ve times.Sincebothof theseareodd,thepoint

mustbecontainedwithin thepolygon.

3.4.2 Azim uth Calculation

Anothervery importantalgorithmin theSearchManagementtool is theazimuthcal-

culation. The azimuth,also referredto as the bearingor direct heading,is the an-
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Figure 3.1: Example of Point In Polygon

gle betweenthe north pole and an arc betweentwo latitude/longitudecoordinates.

The azimuthcanalsobe thoughtof as the slopeof a line segmentbetweentwo lat-

itude/longitudecoordinatesasit is awayto determinewhichdirectiona line is moving

on a sphericalshape.As theSearchManagementtool usesthis function to calculate

the anglebetweento edgesof the polygon, the initial inclination is to usea simple

vectordot-productor otherequationsfrom geometryand trigonometry. However, I

soonrealisedthis cannotbe doneas latitude/longitudecoordinateslie on the earth,

which is not �at. Therefore,geometricequationsbasedon a planarspacewould not

suf�ce in this situation.Instead,we hadto turn to sphericalgeometryandtheformula

[Veness,2002]:

Azimuth � tan

� �

sin� long1
�

long2��� cos� lat2�

cos� lat1��� sin� lat2�

�

sin� lat1��� cos� lat2��� cos� long1
�

long2�	�

wherelat1 andlong1 arethelatitudeandlongitudeof theoriginatingpoint, speci�ed

in radians. Lat2 and long2 are the latitude and longitudeof the destinationpoint,

speci�edin radians.

This formulagivestheanglemeasurementbetweenthearc from theorigin to the

north pole andthe origin to the destination.SeeFigure3.2(a)to betterexplain this.
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(a)PositiveAzimuthangle (b) NegativeAzimuthangle

Figure 3.2: Azimuth angle calculation

However, if thearcsegmentfrom theorigin to thedestinationis headingfrom eastto

west,theazimuthcalculationis negative insteadof beinggreaterthanp asshown in

3.2(b).Usingthisformula,andimplementingcases,it is possibleto calculatetheangle

betweentwo arcson theearth.

3.4.3 New Point Given an Azim uth and Origin

To createthesearchpatterninsidethesectorswehaveto manipulatetheazimuthcalcu-

lationsto gettheazimuthbisectingtheinteriorangleof thesectorandheadinginwards

on thepolygon.To calculateanew coordinatealongthis azimuthat a certaindistance

from theorigin wouldbeasimplecalculationin aplanarworld usingslopesandbasic

geometry, but canbe dif�cult, or at leastmorecomplex, in a sphericalworld. This

equationsto calculatethisnew pointon asphereareasfollows[MAPINFO-L, 2004]:

DestLat � arcsin
 sin� lat1��� cos� dist ��� cos� lat1��� sin� dist ��� cos� azimuth��


dLong � tan

�

sin� azimuth��� sin� dist ��� cos� lat1�

cos� dist �

�

sin� lat1��� sin� lat1�
�
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interLong �

� long1
�

dLong
�

p ����� long1
�

dLong �

p
2

�

if interLong � 0 theninterLong � interLong � 2p

DestLong � interLong
�

p

Thelat1 andlong1 representthelatitudeandlongitudeof theorigin andarebothrep-

resentedin radians.Theazimuth mustalsobein radianunitsfor this formulato work.

Thedist representsthedistancefrom theorigin we wish to plot thenew point. This,

too,is representedin radians,which is easilycalculatedby convertingthedistanceinto

nauticalmiles andmultiplying by 2p
360� 60 asonenauticalmile is equalto oneminute

of anarc,or 1
60 of a degree.Thenew coordinate,dist from theorigin, is at thepoint

� DestLat � DestLong� .

3.4.4 Integrating Algorithms and Equations to generate Search

Patterns

By usingtheequationsandalgorithmsdescribedabovewewereabletogeneratesearch

patternsin a given sectorusingan algorithmbasedon the ZamboniDecomposition

algorithmdiscussedin Section2.2.1. The �rst stepin this algorithm is to examine

the sector, or polygon,to checkif it is a convex polygon. If it is convex, or having

all internalangleslessthanp radians,thenthe shapeis alreadya zambonipolygon

and we can generatethe searchpatterndirectly. If the sectoris not convex then it

needsto be divided into a seriesof non-overlappingconvex polygons. For example,

if the original sectorcontainssomeobtuseangles,or internalanglesgreaterthanp,

thepolygonwill bedivided. To do this, thealgorithmcomparesthedistancefrom the

offendingvertex, the onewith internalanglegreaterthanp, to the otherverticesof

the polygon,avoiding the adjacentvertices. It thendraws a line from the offending
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Figure 3.3: Splitting an irregular polygon into concave polygons

vertex to the closestvertex, forming two polygons. The algorithmthenchecksboth

of thesepolygonsfor obtuseanglesandif any arefoundthentheprocessrepeatsuntil

no internalanglesaregreaterthanp. This processcanbeseenin a simpleexamplein

Figure3.3.

Oncethesectoris dividedinto purelyconvex polygons,thenext stepis to generate

thesearchpatternto usewithin thesector. This is doneindividually for eachconvex

polygonandthenthesearchpatternsfor theindividualpolygonsareconnectedusinga

simplegreedyalgorithm.

To generateasearchpatternfor apolygon,thealgorithm�rst calculatesthelongest

edgeof thepolygonto useasthebaselineof thesearchpattern.Fromthetwo vertices

on this line, thealgorithmcalculatesthebisectingazimuthof eachvertex andthenew

pointsalongthesebisectingazimuthinsidethepolygon.Thesenew pointsaretheuser-

de�ned trackwidth away from thevertices.Becausetheangleis lessthanp, thenew

pointwill belessthanthehalf thetrackspacingfrom thesidesof thepolygon,ensuring

correctcoverageof theentirepolygon.New pointssuchasthesearealsocomputedfor

theadjacentverticesaswell, asin Figure3.4(a)wherethex'smarktheinteriorvertices
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of the longestedgeandtheo's mark theadjacentinternalvertices.Oncethesepoints

arecalculated,thenext stepis to calculatetheazimuthsalongtheadjacentedgesasthe

dottedlinesindicatein Figure3.4(a).

Using theseazimuthsit' s possibleto continueto calculatenew pointsalongthem

at a distanceof the track spacing. This is continued,connectingthe track lines at

alternatingedgesas in the creepingline searchpattern(Figure2.3) until oneof the

new pointscalculatedis ator beyondthecalculatedinteriorpointof oneof theadjacent

vertices,asin Figure3.4(b).At thispoint, thenext pairof verticesaroundthepolygon

arebisectedandthe interior pointsarecalculatedasin Figure3.4(c)andthe pattern

building is continuedas before. Oncethe polygon is completelycoveredwith the

tracklinesany additionalpolygonsin thesectorhavetheirpatternsde�ned in asimilar

mannerasin Figure3.4(d).

The�nal stepin thesearchpatterngenerationis to connecttheindividualpatterns

of thepolygonsinsidea sectorto make onecontinuoussearchpattern.To do this, we

simply calculatetheshortestdistancebetweena startandanendpoint of thevarious

individualpatternsandgreedilyconnectthem.Thethick dottedlinesin Figure3.4(d)

show theseconnectinglines and the �nal result is a continuoussearchpatternthat

ensurescoverageof theentirepolygonwith auser-de�ned trackspacing.

3.5 Implementation of Search Management tool

Theactualimplementationof theSearchManagementtool took severalstepsto com-

pletion. The�rst suchstepwasto enabletheuserto draw sectorsontotheunderlying

mapin BBN OpenMap.Thenext stepwasto addthepatterngenerationincludingthe

functionalityto split theirregularpolygonsinto convex polygons.The�nal suchstep
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(a) Initialising the new

pointsin apolygon

(b) Startingthe pattern

in the�rst stage

(c) The searchpattern

for a convex polygon

(d) The searchpatternfor

anirregularpolygon

Figure 3.4: The steps to creating search pattern tracks
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wasto enablethe storingof the sectorinformation. The resultsof thesesteps,along

with theproblemsencounteredduringimplementation,arediscussedbelow.

3.5.1 Drawing the Sector s

The �rst stepin the SearchManagementimplementationwasto addthe functional-

ity for drawing sectorson the map. This entailedgrabbingthe mouseclick on the

mapandconvertingthex/y coordinatesinto latitude/longitudecoordinatesfor storage.

However, sincetheusermaywish to click onthemapwithoutnecessarilydrawing the

sectors,I neededa way to turn the drawing on andoff. To reachthis goal, I added

a propertiesbutton to the layer. By pressingthebutton 'Start Building', theusercan

indicatehe is readyto draw thesectorson themapby clicking on theverticesof the

sectorsanddoubleclicking to indicatethe �nal vertex of the polygon. At a double

click, thetool checksif thedrawn polygonis closedandif not, it automaticallycloses

the polygon. The tool thenaddsthis sectorto I-X asa constraint,allowing it to be

referredto by otherlayers.Whentheuseris �nished drawing thesectorsandwishes

to turnoff thedrawing capabilities,hemerelynavigatesto thepropertiesbuttonfor the

SectorDe�nition layeragainandpressesthe'Finish Building' button. In Figure3.5,a

sectoris in theprocessof beingdrawn on themap.Thebuttonto �nish thebuilding is

displayedaswell.

I encounteredan unexpectedproblemwhenaddingthis functionality to the tool.

The integration of BBN's OpenMapand I-X includesa 'World Objects' layer that

allows theuserto addobjectsto themapby right-clicking on themap. Becausethis

layeralsointerpretsthemouseeventson themapandis of a higherpriority thanthe

SectorDe�nition layer I de�ned, the mouseeventswere being �ltered throughthe

World Objectslayer. This had the surprisingresult that the double-clickswere not
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Figure 3.5: Drawing of Sector in progress

beingcommunicatedto the SectorDe�nition layer. As a workaround,I disabledthe

World Objectslayer upon startingthe tool. However, the usercan still enablethe

layer andcausethe problemto occur. A permanentsolution to this problemwould

be to eithermodify the World Objectslayer to allow all mouseeventsthroughor to

completelyremovetheWorld Objectslayerfrom theuser.

3.5.2 Splitting Polygon and Pattern Generation

OnceI hadtheability to draw sectorson themapandthemethoddescribedin Section

3.4.4,I wasableto work on thelayerto de�ne thepatternsin thesectors.However, I
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quickly raninto aproblemwhenI realisedevengiventheazimuthcalculations(Section

3.4.2),it is dif�cult to calculatetheinternalangleof a vertex in a polygon. It is fairly

simpleto calculateananglebetweentwo intersectingarcsegments,but determiningif

thatangleis the internalor externalangleof thepolygonis a differentmatter. After

giving this somethought,I decidedto handlethisusingcases.

The�rst stepis to determinethesignof theazimuthcalculationsof thearcscom-

posingthevertex of thepolygon.Dependingon their signs,bothpositive,bothnega-

tive, or oneof each,we cancalculatethebisectingazimuthof theobtusesideof the

vertex accordingly. For bothpositiveor bothnegativeazimuths,thebisectingazimuth

is azimuth1 � azimuth2
2 whereazimuth1 � azimuth2. For azimuthsnot of the samesign,

thebisectinganglecalculationis morecomplex. If thepositive azimuth,azimuth1, is

greaterthan p
2, thebisectingazimuthis 2p

� azimuth1 � azimuth2
2 . However, if thepositive

azimuth,azimuth1, is lessthan p
2, thebisectingazimuthis azimuth1� azimuth2

2 .

Usingthesecases,wenow havethebisectingazimuthof theobtusesideof thever-

tex. To determineif this obtusesideis to theinterior of thepolygon,we �rst calculate

a point alongthebisectingazimuthusingtheformulain Section3.4.3.With this new

point, we checkif it is in the polygonusingthe algorithmdescribedin 3.4.1. If the

point is insidethepolygon,theobtuseangleis to theinteriorof thepolygon.However,

if thepoint is not insidethepolygon,theobtuseangleis to theexteriorof thepolygon.

If thevertex hasanobtuseangleto theinteriorof thepolyton,asdecidedabove,we

thensplit thepolygonusingthemethoddescribedin Section3.4.4above. With thetwo

polygonsnow created,we cancontinuecheckingthe interior anglesof thepolygons,

splittingasnecessary, until therearenomoreobtuseanglesto theinteriorof apolygon.

Using thesimilar casesto theonesabove, we cancalculatethebisectingazimuth

of theverticesin thesub-polygonsto generatethepatternsusingthemethoddescribed
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in Section3.4.4.Figure3.6showsapatterngeneratedfor aconvex sector. Thispattern

completelycoversthepolygongiventhesweepwidth de�ned, in this casethesweep

width is 10km. Thesearchpatternsaredisplayedin theSearchPatternlayer, allowing

thesearchmanagerto easilydisplaythepatternsor not.

Figure 3.6: Generated pattern for convex sector

Thesearchpatternbecomesmorecomplicatedwhenthesectorde�ned is notasim-

ple convex polygon. An exampleof thesearchpatterngeneratedfor a morecomplex

polygoncanbeseenin Figure3.7. Thissearchpatternshows threeindividualpatterns

thatarethenjoinedto createonemoreelaboratepattern,againusingasweepwidth of

10km.
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Figure 3.7: Generated pattern for a complex sector

3.5.2.1 Outstanding Issues with Pattern Generation

Unfortunately, dueto thecomplex natureof thepatterngenerationaspectof theSearch

Managementtool, therearesomeoutstandingissues.Due to the sphericalnatureof

theearth,relying on theazimuthto determinethedirectioncancausesomeproblems.

Namely, overlargedistancestheazimuthvaluecanchangewhile maintainingthesame

direction. TheSearchManagementtool doesnot accountfor this so therefore,if the

sectoris large thegeneratedpatternmaynot becomplete.To overcomethis problem

theSearchManagementtool needsto continuallyre-calculatetheazimuthbetweenthe

interior points,as in Section3.4.4. Sincemostsearchmanagerswould not be using
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sectorslargeenoughto causethisproblem,I decidednot to correctit for thisproject.

TheSearchManagementtool alsodoesnot optimally split thecomplex polygons

into smallerpolygons.Thealgorithmmerelysplitsthecomplex polygonsinto smaller

convex polygonswhich canthenhave a patterngeneratedin. However, someof the

smallerpolygonscansometimesbe mergedandstill have a searchpatterngenerated

successfullyfor this larger polygon. This would requirean additional step in the

methoddiscussedin Section3.4.4to �nd andmergethesepolygons.

Finally, the SearchManagementtool doesnot optimally connectthe individual

searchpatternsin a complex polygon. Currently it comparestwo individual search

patternsat a time andoptimally connectsthem,but doesnot considerall of thesearch

patternsat once. To correctthis would necessitatean additionalstepafter all the in-

dividual searchpatternhave beende�ned to optimally connectthemusinga simple

Travelling Salesmanalgorithm.

3.5.3 Status of Sector s

Maintaininganddisplayingthestatusof thesectorsis the�nal stepin theimplemen-

tationof theSearchManagementtool. This is doneusingtwo layersin thetool. The

menuoptions,shown in Figure3.8, give the userthe ability to view andupdatethe

probability thesubjectis in thesector, thestatusof thesearchin thesector, the indi-

vidual searchersassignedto thearea,andany additionalnotes.Theseoptions,aside

from viewing the individual searchers,areavailable in dialog windows. Figure3.9

shows the dialog window for the displayingandcreatingadditionalnotesthe search

managermayhaveontheparticularsector. Thesenotesaretimestamped,allowing the

searchmanagerto easilyseethetimelineon which thenoteswerecreated.Theother

menuoptionsbring up similar dialog windows to allow the searchmanagerto view
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andmodify thevalues.

Figure 3.8: The menu options for each sector

Thesemenuoptionsareprimarily visible throughtheSectorDe�nition layerin the

SearchManagementtool. However, the tool alsoincludesa Statuslayer. This layer

provides the colour-codingof the sectorswith regardsto their status,or percentage

searched.If thepercentagesearchedis between0 and33, thesectoris colouredred;

if thepercentagesearchedis between34 and66, thesectoris colouredorange;if the

percentagesearchedis between67 and99 the sectoris colouredyellow; and�nally

the sectoris colouredgreenif it is 100 percentcompletelysearched.This simple

colourcodingallows thesearchmanagerto seeat a glancewhich sectorshave yet to

be searched,which onesarein progressandat what level of completionthey areat,

andwhich oneshave beencompletelysearched.Figure3.10shows severalsectorsin

varying stagesof searchcompletion. The SearchPatternlayer hasbeendisabledto
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Figure 3.9: The Display Note dialog window

giveanunclutteredview of thesectorstatus,however thepatternswould bevisible as

all layersin theSearchManagementtool aretransparent.This �gure showsonesector

that is still in thebeginningstagesof thesearch,onesectorthat is partially searched,

onesectorthatis nearlycompletelysearched,andtwo sectorsthathavebeensearched

to completion. From this view, the searchmanagerwould be able to determinethe

searcheffort still requiresa greatdealof work asa majority of thesearchareais not

completelysearchedor nearingcompletion.
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Figure 3.10: Several sectors with varying search statuses
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Conc lusions

Theprojectdetailedin thispaperhadseveralaimsto satisfy. Theseincludedinvestigat-

ing theuseof searchpatternsin SearchandRescueoperationsandtheimplementation

of automaticgenerationof searchpatternsfor searchmanagersto use. With the �rst

aim in mind,weexaminedtheuseof genericsearchpatternsbasedonthede�nition of

sectorsandtheprobabilitiesassignedto thosesectors.Thesesearchpatterns,however,

needto bemodi�ed onacase-by-casebasisto ensurecoverageof theindividualsearch

sectors.Becausethis addsa largeamountof overheadin termsof time andenergy on

thepartof thesearchmanager, we investigatedotherpossibilities.TheRoboticsand

CAD/CAM �elds often alsorequirecovering an areawith completecoverage. The

Robotics�eld oftengivesrobotsthe taskof searchinganareafor a particularobject.

This involvessearchingthe areawithin the visibility of the robot until the object is

found. CAD/CAM usesthis generalideain milling. In milling, a mill needsto cover

ade�ned areacompletelybut notcutoutsidethearea.In bothof these�elds, thealgo-

rithmsto de�ne therouteusedby eithertherobotor mill try to minimisethedistance

of the route. Searchpatterns,andthe useof aircraft to follow them,shouldalsobe

formedwith this ideain mind astheshorterthedistanceoverall to cover a sector, the

45
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moresweepsof thesectorcanbeperformedwithin agivenamountof timeandfuel.

Thereareseveral differentalgorithmsthat �nd heuristicsolutionsto this general

problem. In Section2.2, this paperdiscussesthreesuchalgorithms.The �rst, Zam-

boni Decomposition,splits the irregular polygonthat representsthe sectorinto zam-

boni shapes,�nds theshortestroutewithin theseindividualshapes,andthenconnects

theseindividualsearchroutesto composealargerroutethatcoverstheentirepolygon.

UniskeletalDecomposition�nds theskeletalpolygonallinesof the irregularpolygon

that representsthe sector. Using this, it generatessearchtracksparallel to the line

until the polygonis covered. The �nal heuristicalgorithmcoveredin this paper, the

d-sweeperalgorithm,placesa grid in thepolygonanddraws basictravelling salesper-

sonrouteson the grid andthusly �nds a routeto cover the polygon. Applying these

heuristicalgorithmsto theSearchandRescue�eld canhelpimprovethesearchroutes

usedby aircraftandtherebyimprovethesearcheffort.

This leadsinto the next aim of the project,which is to implementa tool which

automaticallygeneratessearchpatternsfor asearchmanager. Thispaperdiscussesthe

applications,algorithms,andmathematicalequationsnecessaryto generatea search

routeusingtheZamboniDecompositionalgorithmfor an irregularpolygonalshaped

sector. Creatinga searchrouteusablein SearchandRescueis moredif�cult thanin

Roboticsor CAD/CAM astheearth's surfacecomesinto play. In bothRoboticsand

CAD/CAM, thealgorithmis �nding arouteonaplanarspace.However, in Searchand

Rescuetheprimaryproblemarosewith theunderstandingthattheearthis anirregular

spherewhereplain geometryhasno bearing.Eventheuseof sphericalgeometrycan

causesomeproblemsbecausetheearth's surfaceis not perfectlyspherical.While the

SearchManagementtool tries to overcomethis problem,someissuesstill exist with

thepatterngeneration(Section3.5.2.1).
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Evenwith theoutstandingissuespresentin theSearchMangagementtool, thetool

generatesusablesearchpatternsfor mostuser-de�ned sectors.Thesepatternsaregen-

eratedusingsphericalgeometryin a methoddescribedin detail in Section3.4.4.This

methodinvolvessplitting theuser-de�ned sectorinto manageablepolygons,calculat-

ing theazimuthsof variouspointswithin thepolygon,andgeneratingthesearchpattern

usingtheseazimuths.

Thetool alsostoresthestatusof thesectorsalongwith otherinformationpertaining

to thesector. This informationgivesthesearchmanagera simpleway to storeperti-

nentinformationsuchastheprobabilitythesubjectis within thesector, theindividual

searcherassignedto eachsector, any relevantnotesregardingthesector, andtheper-

centageof thesectorcompletelysearched.Thetool notonly providesameansto view

the percentagecomplete,but alsocolor-codesthe sectorsdependingon their status.

This color codingvariesfrom red to orangeto yellow dependingon the percentage,

and�nally greenindicatesthesectoris 100percentsearched.This color codinggives

thesearchmanageraquickandeasyway to look at themapanddeterminetheoverall

statusof thesearcheffort alongwith approximatestatusof theindividualsectors.

Thecombinationof thesearchpatterngenerationandthestatusinformationavail-

ablemake theSearchManagementtool a usefultool for searchmanagers.It provides

a new patterngenerationusingroutegenerationheuristicalgorithmspreviously used

in otherareaswhile alsoproviding an easyway for the searchmanagersto maintain

andview thestatusof thesearchoperation.
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Future Work

Therearemany taskstheSearchManagementTool couldbeexpandedto encompass.

Thesetaskswould provide a bettertool for the searchmanagerto usebut werenot

feasibleobjectivesin thetimeallowed.

5.1 Pattern De�nition in Pilot Routing Terms

The searchpatternscurrently generatedby the SearchManagementtool are repre-

sentedin a sequenceof latitude/longitudecoordinatesthataretheverticesof thepat-

tern generated.However, pilots rarely usesequencesof coordinatesto de�ne their

�ight routes.An appropriateadditionalfunctionalityof theSearchManagementtool

would be to includea conversionfrom the latitude/longitudecoordinatelist to a di-

rectlyusableformatfor thepilots. This includesalist of thebearings,or azimuths,and

distancesto travel alongthosebearingsinsteadof thecoordinatelist. With thisdirectly

usablelist, thesearchmanagercouldgive thepilots thesearchplandirectly insteadof

wastingtime translatingthe patternfrom the list of latitude/longitudeverticesto the

bearingsanddistances.
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5.2 Terrain Obstac les

TheSearchManagementtool doesnot accountfor any terrainfeaturesin de�ning the

searchpatternsor assistingthesearchmanager. Instead,it reliesonthesearchmanager

to de�ne the searchsectorsaccordinglyto avoid troublesometerrainfeatures.Such

featurescanincludeclif fs, waterfront,androads.All of theseaffect thesearcheffort

asthey affect the probabilitiesthe subjectis within an area. For example,if the lost

subjectis achild it is notvery reasonableto haveanaircraftsearchoveropenwateras

it' s unlikely a child, if in thewater, would bevisible from theair. With anautomatic

analysisof the terrainandavoidanceof unlikely areas,the searchpatterngenerated

would be moreef�cient in covering the likely areaswhich is morebene�cial to the

searcheffort.

Initially theSearchManagementtool couldallow theuserto entersuchterrainob-

staclesonthemapasfeatures.Thiswouldallow theuserto de�ne theimportantterrain

obstacleswhile ignoring thoseirrelevant to thesituation.However, this addsmainte-

nancework to usingthe SearchManagementtool. Becauseincreasingthe workload

on the searchmanageris not a goal of the SearchManagementtool, the tool could

take advantageof oneof the featuresof a GIS. GIS applicationsgive the usersthe

opportunityto readinformationdirectly from theunderlyingmap,removing theneed

for theuserto prede�neterrainobstacles.To do this,however, theGISrequiresamap

of suf�cient detailto providerelevantinformationat thelevel asearchmanagerwould

require.Thiswouldremovesomemaintenancework onthesideof thesearchmanager

while providing bettersearchpatternsfor agivensector.
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5.3 Search Pattern Selection

Currentlythe SearchManagementtool only generatesonetype of searchpattern- a

modi�cation of thecreepingline patternusingtheZamboniDecompositionalgorithm.

This, however, maynot be themostrelevantpatternto usein thegivensituation;the

sector(Figure2.5)or contoursearch(Figure2.6)maybea betterchoice.As theuser,

the searchmanager, is knowledgeableof the sectorsto be searchedand the generic

searchpatternscommonlyused,hewouldbeabletomakeaneducatedchoiceof search

patternif given options. With this in mind, it would be bene�cial to give the usera

selectionof recommendedpatternsto useon theareawith perhapsadefault if theuser

doesnot chooseone. This not only allows the usergreatercontrol over the Search

Managementtool but alsowouldprovideanadditionalfunctionalitythatwouldbene�t

thesearchoperationin general.

5.4 User-Modi�ab le Sector s and Patterns

Anotherfeaturewhich would allow theusergreatercontrolover theSearchManage-

menttool would beto implementtheability for theuserto modify thesectorsor pat-

ternsaftercreation.Currently, oncea sectorhasbeendrawn on themapor de�ned in

I-X, the sectorcannotbe modi�ed. If thereis a mistake or if the sectorsneedto be

rede�neda sectormustbedeletedandre-de�ned.Giving theusertheability to tweak

thesectorsafterdrawing themwould mostlikely reducefrustrationswith thetool and

increaseit' susability. Enablingtheuserto modify thepatternsaftergenerationwould

give theusergreatercontrolover thepatternsstoredin thetool. This would,perhaps,

causetheusersto follow thesuggestedpatternswhile performingtheir searchinstead

of makingmodi�cations while in thesearch,giving thesearchmanagermorecontrol
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over theactualsearchesbeingperformedandalsoanaccuraterecordof thesearches

completed.

5.5 Automatic Anal ysis and Suggested Deplo yment of

Resour ces

Sincethe searchmanagercan enter the probabilitiesof the sectorsand the people

availableto performthesearches,it would bea logical extensionfor theSearchMan-

agementtool to analysethis informationandsuggestwhich resourcesshouldbe de-

ployedto thevarioussectors.With thesuggestedresourcedeployment,thetool would

alsoautomaticallygeneratethe searchpatternsaccordingto this deployment,saving

thesearchmanagerthenecessityof de�ning this informationhimself. Of course,the

searchmanagershouldbeableto overrideany suggestionsasotherinformationmay

comeinto play thatcannotbeanalysedby theSearchManagementtool. However, this

wouldsavetimein theplanningstageof thesearchoperation,allowing additionaltime

for the actualcompletionof the searchoperation.This is an importantbene�t when

time maybe limited or evenvital to thesubject.Oftensearchmanagementdecisions

needto bemadeveryquickly andtakingsomeof thisdecision-makingaway from the

searchmanagerallows time for othertasksto becompleted.

5.6 Complete Search and Rescue Management

The SearchManagementtool discussedin Chapter3 only coversa small part of the

SearchandRescueefforts. Enlargingthetool to handleaSearchandRescueoperation

from startto �nish, wouldbea logicalgoalasthentheSearchandRescueteamscould
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work completelywithin onesoftwaretool. This packagecould includetheability to

recordinterviewswith thesubject's family andfriends,analysethestatisticalinforma-

tion aboutthearea,andotherareasof thesearcheffort. Thepackagecouldalsoinclude

therescuesideof SearchandRescueoperations.For example,it couldstoreinforma-

tion regardingtheavailability of resourcesin anareaandsuggestany deploymentof

appropriateresourcesif needed.Thiswould relievethecoordinatorsof theSearchand

Rescueoperationsthenecessityof knowing all theresourcesin theareaincludingtheir

availableskills andcurrentavailability to handleemergencies.

Thefeatureslisted in this chapteraremerelysuggestionsof directionstheSearch

Managementtool canbetakenin futurework. Any of theseextensionswould increase

the functionality andoverall usability of the SearchManagementtool in real world

cases.
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