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Abstract

SearchandRescueoperationgely heavily on genericsearchpatternsvhenusingair-

craftin a searcheffort. Thesesearchpatternsneedto be manuallymodi ed to acco-
modatethe areato be searched.This dissertatiorproposego useheuristicmethods
to generatesearchpatterndo t theareainsteadof modifying a genericpattern.With

this aim in mind, this dissertationdescribesan implementatiorof one suchheuristic
methodin a Searchivlanagementool. This SearchManagementool incorporateshe
ability to view andmaintainthe statusof a searcheffort alongwith the searchpattern
generation. Thesefunctionalitiesprovide a tool to usethroughouta searcheffort to

de ne thesearcharea,generatéhe searchpatternsasnecessaryandview the current
statusof the searcheffort. Additionally this SearchManagementool includesthe ca-
pability for XML messagingallowing usersin the eld to sendupdatednformation

to thesearchmanagethroughthe SearchiManagementool.



Acknowledg ements

My thanksto my supervisorAustin Tate, ClauirtonSiebra,who helpedme gure out

[-X andOpenMap andPetenWollan who assisteane with the mathformulas.



Declaration

| declarethat this thesiswas composedy myself, that the work containedhereinis
my own exceptwhereexplicitly statedotherwisen thetext, andthatthis work hasnot

beensubmittedfor any otherdegreeor professionatjuali cation exceptasspeci ed.

(HelenWbllan)



Table of Contents

1 Intr oduction

2 Background

2.1

2.2

SearchandRescudechniques . . . . . . .. ..
2.1.1 De nition of theSearchArea . ... ..
2.1.2 De nition of SearchSectors . . . . . ..
2.1.3 SectorProbabilities. . . . ... .....
2.1.4 SearchMethodsandPatterns. . . . . . .
SearchPatternHeuristics . . . . . .. ... ...
2.2.1 Ice-RinkProblem. . . ... .......
2.2.2 D-SweepeProblem . ... ... .. ..

3 Implementation of a Seach ManagementTool

3.1

3.2

Objectves. . . . ... .. ... ... ......
3.1.1 UserDe ned SearchArea . . . .. ...
3.1.2 De ning ConstraintonSectors . . . . .
3.1.3 AutomaticGeneratiorof SearchPatterns
3.1.4 StatusReporting . . . . ... ... ...

Toolsfor Implementatiorof SearchiManagement

© o o b~ M



3.2.1 GeographicalnformationSystems . . . . . ... ... ... 25

3.2.2 Communicatiofools . . . .. ... ... .......... 27
3.3 Stepsolmplementation . . . . ... ... ... ... . ... ... 28
3.4 AlgorithmsNeededor Implementation. . . . . ... ... ..... 28
3.4.1 PointinPolygon . . ... ... ... ... ... .. ..., 29
3.4.2 AzimuthCalculation. . . ... ... ............. 29
3.4.3 New PointGivenanAzimuthandOrigin . . . . . ... ... 31

3.4.4 IntegratingAlgorithmsandEquationdo generat&earctPatterns 32

3.5 Implementatiorof SearchiManagementool . . . . . ... ... ... 34
3.5.1 DrawingtheSectors . . . ... ... ... ... ....... 36

3.5.2 Splitting PolygonandPatternGeneration. . . . ... .. .. 37

3.5.3 StatusofSectors. . . ... . ... .. 41

4 Conclusions 45
5 Future Work 48
5.1 PatternDe nition in Pilot RoutingTerms . . . . .. ... ... ... 48
5.2 TerrainObstacles. . . . . . ... ... .. ... . ... . ...... 49
5.3 SearchPatternSelection . . . . . ... ... ... ... . ... ... 50
5.4 UserModi able SectorandPatterns. . . . . ... ... ....... 50
5.5 AutomaticAnalysisandSuggestedeploymentof Resources . . . . 51
5.6 CompleteSearcrandRescuéManagement . . . . . . .. ... ... 51
Bibliography 53



Chapter 1

Intr oduction

Searchand Rescueoperationsare performedthroughoutthe world by both govern-
mentagenciesand agenciedn the private sector Thesecaninclude looking for a
missing child, a hiker who did not returnto campas expected,or even a military
aircraftlost at sea. While somemay feel that using computersn searchandrescue
efforts is merelyaway to distancehe SearcrandRescuananagefrom the operation
[Stoffel etal., 1998, looking at the Searchand Rescueiechniquesasa whole, there
areafew areasvherecomputersanassisthe SearchrandRescuecoordinatorsn per
forming their job moreef ciently. Oneareal will beinvestigatingn this paperis the
useandcreationof searctpatternan searchefforts usingaircratft.
Searchoperationsaregenerallycompletedn thefollowing steps:determiningthe
areato be searchedperforminga quick searchof the mostlikely areassearchinghe
areausingsearchpatternsand nally usingareasaturationto completelyexplorethe
area.Of thesestepsthede nition of the searchpatterngs the onerequiringthe least
subjectve judgemento arrive at an appropriatesolutionfor the area. In fact, since
mostsearchmanagersisebasic,genericpatternghatmustthenbemodi ed to t the

situation,acomputertool maybeableto provide a betterpatternfor agivenarea.
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Thesesearchpatternsdescribein detail the path an aircraft should take when
searchingan areafor ary sign of thelost or injured subject. However, thesepatterns
canbe limited asthe searchmanagersendto usea selectfew genericpatternsand
modify themindividually to accommodat¢he areathatneedso be searchedAs the
problemof nding a subjectwithin anareais very similar to the problemin robotics
of nding anobjectwithin apolygonalareaheuristicmethoddrom that eld of study
usedto de ne a patterncanbeappliedto the SearchrandRescueeld. Theseheuristic
methodsnay provide moreef cient pathsto usein a searchput atthe very leastthey
would provide a searchpaththat would not needto be individually modi ed for each
sectorthataircraftaircraftsearchThis would save the searchmanagetime andeffort
in choosinghe genericsearchpatternto useandmodifyingit to t thesector

Oncetheseheuristic methodshave beenexamined,an implementationof these
heuristicswould helpthe SearchrandRescueeld applythis changeo its operations.
Thesearchmanagersvould bemorewilling to usethe heuristicallygenerateghatterns
if acomputerapplicationformulatedthemaccordingto the heuristicmethodsnstead
of themanagehaving to manuallyfollow analgorithmto createthem.

By drawing on the information given by Searchand Rescuemanualsfrom
the UK [Stoffel etal.,1998], Canada[Canada&SAR Manual,1998 and the USA
[United StatesSAR Manual,1991], this paperdelvesinto theuseof patternsn Search
and Rescueoperations. It then investigatesghe use of algorithmspreviously used
primarily in otherareassuchasrobotics[Gewali andNtafos,1998 Leeetal., 1996
Moretetal.,1997 Ntafos,1992 Tan,2001, TanandHirata,2003 and CAD/CAM
[Arkin etal., 2001, Aryaetal.,2001], and their applicationsto the generationof
searchpatterngthat canbe usedin 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 searchpatternghatcover anareamay provide moreef cient solutionsthan
modifying agenericpatternto t thesituation.

Oncea selectionof thesealgorithmshasbeenexamined,this paperdiscusseshe
algorithmsand software neededo de ne thesepatternsin a sphericalspace repre-
sentingthe globe of the earth,andthe processf implementingsuchalgorithmsin a
mannerthat searchmanagersvould be ableto usein a SearchandRescueoperation.
Finally, this paperdiscusedurtherareaghat suchanimplementatiorcanbe directed

to furtherassistSearcrandRescuenmanagersn their efforts.



Chapter 2

Background

2.1 Search and Rescue techniques

Searchand Rescueis the act of searchingfor, rescuing,or recovering by meansof
ground,marine,or air activity any persorwho becomesost, injured,or is killed while
outdoorsor asa resultof a naturalor man-madedisaster{Stoffel etal.,1998. This
term describegwo separatdunctionswhich have beendevelopedin differentman-
ners.Rescuautilisesprovenprocedureslongwith a high degreeof technicalskill for
victim retrieval while searchfor the lost or injured subjecthasdevelopedinto a so-
phisticatedsciencanvolving agreatmary moderninvestigatiortechniquesStatistics,
probability, humanbehaiour, interviening, terrainevaluationandtrackingarea few
of the standardiools usedin a modernsearch[Stoffel etal.,1998. While both the
searchandthe rescueaspectof Searchand Rescueoperationsare interestingareas,

we areprimarily investigatinghe searchhalf of SearchandRescue.
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2.1.1 De nition of the Search Area

The rst stepin anorderly approacho searchstratey is to establishan appropriate
searcharea,or thetotal areato beinvestigatedThe peripheryof thesearchareais de-
ned usingcon nementtacticsbasedon the lost subjects behaiour andgoodinitial
informationgatheringtechniquesuchasinterviewing. This searchareamayberede-
ned if the existing areahasbeensearchedo satishctionwith no succes®r asnewv
informationor cluesbecomeavailable. The Probabilityof Area (PQA), or the prob-
ability thatthe subjectis in a particularsegmentof the searcharea,is de ned using
the point the subjectwaslastseenandthelastknown positionof the subject. Thelast
known positionmaybethe sameasthe pointlastseenput it couldalsobeadeparture
pointsuchasatrailhead campsitepr adiscoveredcluethatcanbereasonablyeri ed
to be associateavith the subject. The lastknown positionchangeswith time asnew
cluesarediscoveredwhile the placethatthesubjectwaslastseenusuallyremainscon-
stant. The searchareadoesnot becomesmallerbut the searcheffort doesgrow closer

to the subjectwith every changdn thelastknown position[Stoffel etal., 1998.

Thereare four major methodsto establisha searcharea. The theoreticalsearch
areais a plottedzoneon the mapindicatingthe maximumdistancethe subjectcould
have travelledfrom the lastknown position,point lastseenor from a suspectegoint
of departureduring the elapsedtime. An individual cantheoreticallytravel in ary
directionfrom theinitial planningpoint, pointlastseenpr lastknown positionandthe
searchareais dravn with thisin mind.

Thestatisticalsearchareais derivedfrom previousincidents,asstatisticscangive
alikely distancehesubjectmayhave travelled. For example givendatafrom previous
lost hiker incidentsin a similar region the tendeng may befor the hikersto be found

approximatelyl.6 milesfrom thelastknown position. Informationsuchasthis canbe
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usedto calculatezonesof probabilitywherethereis atendeng for thesubjectto be.

Subjectve searchareasareusuallydeterminedy anexperiencedearchcoordina-
tor. Factorsaffecting subjectve searchareasnclude‘lik ely spots”or featureswhich
would offer someattractionto the lost person,naturalbarriersand terrain features,
physicalcluesleft by the subject,historicaldataof the areafrom casehistories,intu-
ition basedon experienceandspecialcircumstancesandphysicaland mentallimita-
tionsof the subject.For themostpartthesefactorsareintangibleandin theabsencef
agreementpne authority or personalitymay stronglyin uence the perceptionof the
probablearea. However, whenthe last known positionis not entirely relevantto the
searcharea,consideratiorof thesefactorsmay prove invaluable.

Searchareasmay also be de ned by the use of deductve reasoningin which
the searchmanagerooks at generalfactsand circumstantialevidenceand logically
deducesprobable conclusionsthat are not obvious or were not known initially
[Stoffel etal., 1999. Thisis alsoa highly subjectve methodto de ning searchareas
andis oftenusedin conjunctionwith othermethoddo de ne searchareas.

Searchareascanbe establishedisingary or all of the above methodsdepending
on the preference®f the searchmanagerand which methodsthe situationwarrants.
The importantpoint is that the searchmanagercanjustify his choicein establishing

thesearchareaandthatthereis a high likelihoodthatthe subjectis within thearea.

2.1.2 De nition of Search Sectors

The searchmanager by using combinationsof the methodsdiscussedabove, must
assurghatthereexistsade ned searcharea.Oncethisis clearlyde ned, the next task
is to divide the areainto sectorghatcanbe reliably searched.This is doneto assure

completecoverageof thesearchareaenablethe searcherso completeshift objectives
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in areasonabléime, andto reducethe overall effort by the searchers.

De ning thesectoboundariesequirescarefulthought,goodmapreadingand,ide-
ally, knowledgeof theregion. Sectorantendedto be searchedvith groundresources
may requiredifferentsectorboundarieshan sectorsintendedto be searchedsia the
air. In groundsearchthe useof linessuchaslatitudeandlongitudeis notidealasthe
searchersn the eld rarely have the ability to usetheselines asidenti able bound-
aries. Therefore,the choiceof boundarieanustbe basedon what can be seenand
readilyidenti ed in the eld by all searchersSuitableboundariesfor example,may
be man-madesuchasfencesor roads naturalsuchasridgelinesor vegetationbreaks,
or improvisedsuchascompassinesor point-to-point,alsoreferredto asline of sight
[Stoffel etal., 1998. This is wherea personstayswithin sight of a certainpoint, a
building for example,and conductsthe searcharoundthis point. This could alsobe
stayingwithin sightof alongerobject,suchasaroador a fence,whensearchingand
thusexpandingthe sectorwhile maintaininga referenceasto wherethe searchers.

In anair searchsectorde 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
[CanadaSAR Manual,1998. This methodis 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,
subdviding each one-dgree by one-dgree areainto four sub-areas. Theseare
identi ed numericallyandreferredto asprimarysquaresThesecanfurtherbedivided
into secondarysquaredabelled alphabeticallyfrom A to D. SeeFigure 2.1 for an
applicationof the GEOREFmethod.

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

they suggestother methodsto de ne sectors such as the boundary method,
corner method, center point method, track line method and the grid method
[United StatesSAR Manual,199]. Thesemethodsare merely other ways to use
latitude/longitudecoordinatedo describean area,often in more concisemannergo
reduceary radiotransmissionsequiredin referringto the searchsector Theboundary
methoddescribesa rectangularareaorientedeast-wesor north-southby listing the
two latitudesand two longitudes. For example,an areamay have boundarie26N
to 27N and 64W to 65W. The corner point methodcan be usedto describeary
non-circularareaby statingthelatitudeandlongitudeor geographicaleaturesof each
cornerof the area. The centerpoint methodis corvenientfor describingary regular
searchareaby giving the latitude and longitude of the centerpoint and the search
radius, if the areais circular, or the direction of the major axis and the applicable
dimensionsif theareais rectangular Thetracklinemethodmethodlists the startand
nish pointsof a track andthe width of the coverageareaaroundthattrack. Thisis
oftenusedif the searchmanageknows the paththe subjecttook andis concentrating

thesearcharoundthis path. Thegrid methodis basedn grid chartsandis very similar



Chapter 2. Background 9

to the GEOREFmethodasit, too, refersto grids usingdetailslisted on a grid chart
[United StatesSAR Manual,199]]. This methodrequireseveryoneworking with the
samegrid chart,asary differencesancauseconfusionwhenreferringto the sector
Anotherimportantaspecto considerwhende ning sectorboundariess the size
of asector A sectorshouldbe coverableby a searchteamin a four to six hour pe-
riod. This allows theteamto completethe assignmenthave a break,andbe shiftedto
anothersectorwhile alsoallowing thema sensef accomplishmenin nishing anob-
jective. Sectorghataretoo smallcancausdogistic problemswith moving the search

teamgoo often[Stoffel etal., 1998].

2.1.3 Sector Probabilities

After de ning the searchsectorsthe searchmanagemneedso assignprobabilitiesto
the sectors. Theseprobabilitiesrepresenthe probability the subjectis in that sector
andthereforeranksthe segmentsin the orderof priority thateachshouldbe searched
andhow thoroughlythethesectorshouldbe searchedA sectorwith alow probability
shouldbe ranked low in the priority list of sectorsand not necessarilysearcheds
thoroughlyasasectomwith ahigh probability Thesevaluescanbechangedhroughout
the searchasnew sectorsareaddedor cluesarefound. Therearemary techniquego
assignprobabilitiesto sectorssuchasthe MattsonConsensuépproachandthe Sector
LadderTechniqgugStoffel etal., 199§.

TheMattsonConsensuspproachentailstheprincipalmember®f thesearclplan-
ning teamto individually andindependentlassignvaluesto eachsector totalling 100
pointsover all sectors.Thesevaluesarethenaveragedoy sector with theseaverages
representinghe probabilitiesof the sectordStoffel etal., 1998].

The SectorLadder Techniqueis 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 sectorsaresearchedthey dropdown in the rankingand
theunsearchedectoramove up [Stoffel etal., 199§.

The probability assignedo a sectormay changeas cluesare found. If a highly
relevant clue is found, the relevancebeing a subjectve decisionmadeby the search
managerthenthe probabilitiesassignedo eachsectorshouldbere-evaluatedandthe
sectorge-prioritised.

The probability that the subjectis in a given sectoris just one issuefacingthe
searchmanager The probability of 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 etal.,1999. The searchmanagess goal shouldbe
to maximisethe probability of detectionwith the available resources.In doing this,
the searchmanagemeedsto considerseveral factorsthat canimpactthe probability
of detection. One suchfactoris searcheffatigue,which canhave a vital impacton
the probability of detection. While dataon the fatigue and effectivenessof ground
searcherss lacking, maritime and air searchandrescuefatigue studieshave shovn
that searchersre mosteffective during the rst four hourswith the maximumef -
ciengy within the rst hour[Stoffel etal., 1998. Otherfactorsincludethetime avail-
able or allowed to accomplishthe search the size of the sectorto be searchedthe
searchmethodandthe numberof passe®r sweepdo be performedwhenassigning
resource$o searcha sector The searchmanagemneeddo balancehe probability the
subjectis in theareawith theresourceswvailableaswell. For example,thelikelihood
of successs greatlyincreasedwith the higher numberof sweepsmadeon a sector

[Stoffel etal., 1998 Canade&SAR Manual,1998]. However, additionalsweepsequire
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additionalresourcesoa sectormwith alow priority in therankingwould nothave mary

sweepsledicatedo it.

2.1.4 Search Methods and Patterns

Oncethe searchmanagethasde ned the searcharea,divided it into prioritisedsec-
torsandassignedhe resourcesequiredfor eachsector he needgo de ne the search
methodfor eachsector Therearethreebasicsearchmethods.The rst is a method
usedwhenthe searchieamarrivesshortly afterthe subjectis reportedmissing. Small

teamsaredispatchedo checkadjacentrails, ridges,drainagespondsandall known

structuresn the area. Roadsare alsochecled andpatrolledif possible. The second
searchmethodusessearchpatternswhich are usedto cover the sectorsrapidly and
ef ciently with the searchteamsbeingslightly larger. The third searchmethoduses
areasaturatiorto completelyexplore a sector{Stoffel etal., 1998. The rst andthird

methodsarefairly straightforvard,sowe areconcentratingpn the secondmethod:the
de nition of searchpatterns.

Searchpatternsarevitally importantto the secondsearchmethodasthey describe
how thoroughthe sectorwill becovered.Groundsearchersendto uselessstructured
searchpatternsthanaircraft searchers One exampleof a groundsearchpatternis a
searchteamconsistingof threesearcherandonecompass-bearefhecompasbearer
followsadesignatetbearingandthesearcherarefreeto wandeycheckindik ely spots
while continually guiding on the compasdearer[Stoffel etal., 1998. This canbe
seenin Figure2.2 wherethe compasdearersarerepresentethy the'X' linesandthe
searcherfollow randompathssuchasthe'O' lines,investigatingurf attheirownwill.
Groundsearchersollowing techniquesuchasthis caneasilybe pairedwith aircraft

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

groundandair searchcanfully andrapidly searcha givensectorof 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 Canade&5AR Manual,1998, United StatesSAR Manual,1991].
Pilots are generallyassigned sectorto searchwith the pattern,altitude, and speed
determinedy the searchmanager The searchmanagerchooseshe patternbasedon
severalconstraintslf thesearchareais large,the creepindinespattern(Figure2.3)is
mostsuitablesincetherearefewer turnsandnavigationis moreaccurate.

The expandingsquaresearchpattern(Figure2.4) is usedwhenthe locationof the
searchsubjectis known with reasonableccurag. It requiresprecisenavigation to
avoid gapsin the coverageand canthusly causesearchefatiguemore quickly than
with otherpatterns.

The sectorpattern(Figure 2.5) is usedwhenthe searchareais not extensie and

the subjectis dif cult to detect. The chief advantageof the sectorsearchis thatthe
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Starting Point

Figure 2.3: Creeping Line search pattern

]

%

Figure 2.4: Expanding Square search pattern

trackspacingat the centerof thesearchs very small,resultingin agreatermprobability
of detectionin the areaof greatesprobability, assuminghe centerof the sectorhas
the highestprobability.

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
manoeuvrabl@andthe crev mustbe experiencedn mountainouderrain. Also, only

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

[CanadaSAR Manual,1999. However, this searchtechniqueis the bestchoicein
mountainougerrainasit allows the aircraftto maintaina consistentlistancgrom the

earth,increasinghelikelihoodof nding thesubject.

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

Whende ning the searclpatternto usein searchinga sector someadditionalfac-
torsneedto be decided.Theseincludethe sweepwidth andtrack spacing.The sweep
width is a measureof the detectioncapability of the aircraft. The speedaltitudeand

type of aircraft,weathey visibility of the subjectandsereralothervariablesaffectthe
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sweepwidth. The sweepwidth is obtainedby choosinga valuelessthanthe maxi-
mum detectionrangeof the aircraft so that scatteredargetsmay be detectedbeyond
the sweepwidth areequalin numberto thosewhich may be missedwithin the sweep
width. Thetrackspacings thedistancebetweeradjacensearchracks,whetherthese
areby simultaneousweepf severalunits or successie sweepf a singleaircratft.
The smallerthetrack spacings, the higherthelik elihoodwill be of detectingary ob-

ject within the sector However, decreasinghe track spacingincreaseghe time for

ary givenaircraftto coverthe searcharea,or alternatvely requiresmoreaircraftunits
to completethe searchin the sametime. Figure2.7 shovs how the sweepwidth and
trackspacingelateto eachothercanbe calculatedvhile Figure2.8 shovstherelation

betweenrackspacingandtrackwidth.

2.2 Search Pattern Heuristics

The genericsearchpatternsusedby aircraft, as describedabove in Section2.1.4,
may not cover the sectorin the mostefcient manner A methodusedin robotics
to searcha given polygonalregion for an unknovn subjectcan be appliedto the
Searchand Rescuearea. Thesemethodsare primarily basedon the Lawnmower
problem [Moretetal.,1997. The Lawnmower problem, an NP-Hard problem,
requiresthe inside of a polygonal region to be completely covered at a minimal
cost, typically with the shortestpath. Related problemsinclude the Ice Rink
problem [Moret etal., 1997], the pocket-milling problem [Ntafos,1997, and the
d-Sweepemproblem[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 characteristiags lessimportantin search
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Figure 2.7: Sweep Width Calculation [Canada SAR Manual, 1998]

patternsas it is usually acceptableto go outsidethe sector boundaries,however
minimising theseforays outsidethe sectoris importantfor efciency. While this
problemis NP-Hard,thereare several heuristicalgorithmsto nd approximatedso-
lutions [Moret etal., 1997, Ntafos,1992 Gewali andNtafos,1998 Aryaetal., 2001,
TanandHirata, 2003, Arkin etal.,200], Leeetal.,1996 Tan,200]. Thesealgo-
rithms provide nearoptimal routesthat provide ef cient coverageof a polygonal
area. As thereare several differentalgorithmsto provide solutionsto theserelated
problems] will be coveringafew mostrelevantto the patterndevelopmentn Search

andRescue.
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I 1/2 Track Spacing
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Figure 2.8: Track Spacing and Sweep Width

2.2.1 Ice-Rink Problem

Moret[Moret etal., 1997 suggestswo algorithmsto nd ef cient coverageof polyg-
onalareaghatcanbe usedby airplanesn a searchoperation.Thesealgorithmsmin-
imise the numberof turns as airplanestake more time turning than continuingin a
straightline. The algorithmsalso attemptto keepthe radiusof the turnsaslarge as
possibleto maximisethe speedof the aircraftin a turn aswell. Both algorithmsare
basednaZambonipolygon[Moret etal., 1997 whichis de ned asasimplepolygon
composeaf arectangulamiddle piece ank ed by two endcaps,eachconsistingof a
polygonalline monotonicwith respecto thetwo endsegmentsof the rectangle Any
convex polygonis aZambonipolygonsincewe canregardit ascomposeaf two end
capswith adegenerataniddlepiece.

The rst suchheuristicalgorithm, called the ZamboniDecompositioralgorithm,
directly decomposeshe polygonalareato be searchednto a variation of Zamboni
polygons.Sincewe aremoreinterestedn generatindarge pieceshengeneratingew
pieces,we canusegreedyalgorithmsto decomposéhe polygonalareawith a local

iteratve improvement,attemptingto increasethe size of the largestZambonipiece
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identi ed beforeproceedingecursvely with the remainingpieces. This ensuresve
getthe largestZambonipolygonswe can nd in the polygonalarea. EachZamboni
shapethenyields a numberof sweeptracks,generallyin a creepingline pattern.The
algorithmthenusesa Travelling Salespersofroblem(TSP) solutionto connectthe
tracksoptimally, knowing the costof eachconnectiofiMoret etal., 1997. SeeFigure
2.9 for anexampleof the sweeptracksthe ZamboniDecompositioralgorithmforms

for anirregularpolygon.

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

Thesecondheuristicalgorithmbasednthe Zambonipolygon,the UniskeletalDe-
compositionalgorithm,usesthe characteristiof Zambonipolygonsasa de nition of
their middle pieceby a medial axis. This is the polygonalline usedin the transla-
tion. After computingthe skeletonof the polygon,with somenoise-reductiomethods
to avoid detailedbranchesnducedby small featuresof the perimetey the algorithm
decomposeshe skeletoninto generalisegolygonallines. Eachpolygonalline de-

nes ageneralisedersionof a Zambonipolygon,which canbe sweptby paralleling
the polygonalline. This contourfollowing approachs commonlyusedin the milling

problem. Then,aswith the ZamboniDecompositionthe algorithmusesa TSP solu-
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tion to connectthe sweeplines [Moret etal., 1997. SeeFigure2.10for anexample

of the sweeptracksthe Uniskeletal Decompositioralgorithm forms for an irregular

polygon.

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

Both of theseapproachesoncentrat®nthe coreof thesearchareaandlendthem-
seheswell to an optimisationbasedon maximisingearly returns. Both approaches
also allow the incorporationof additionalinformation or constraints,suchas a re-
quiredsweepedgeor line. This enablegheroutecreatedy thealgorithmsto account
for searchingerrainspeci cally, suchassearchingalongthe edgeof aforestor along
a coast.However, bothapproachealsosuffer from the creationof small artefacts,or
very small regions of the polygonthat requirea large numberof shorttracksanda
large numberof turnsfor very little areathis beingmorepronouncedn the Uniskele-
tal Decompositiorapproach:This canbe counteredy re-aligningsomeof the sweep
linesto conformto thesweeppatternusedn theadjacentandusuallylarger, area.The
TSPalgorithmcanalsobe prioritisedunderthe reasonabl@ssumptiorthat the target

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

Ntafos[Ntafos, 1997 refersto thed-sweepeproblemto solve asimilar problem.The
d-sweepeproblemis basednthe WatchmarRouteproblem whichasksfor theshort-
estroutefrom a point backto itself with the propertythateachpointin a givenspace
is visible from at leastonepoint alongthe route. However, this problemassumeshe
visibility insidethe polygonis in nite, which causeghis problemto becomea ques-
tion of nding theroutearoundthe boundaryof the polygonwithin a certaindistance.
Since,in SearchandRescueyisibility becomesa problem,we turn to the d-sweeper
problem,which asksfor the shortestroutefrom a point backto itself whenthereis a
visibility ranged andwe areinterestedn viewing the whole interior of the polygon.
The d-sweepelproblemis alsorelatedto the TSP problemin grids. It is possibleto
superimpose@ grid of unit size2d on the polygon,clip portionsof thegrid on the ex-
terior of the polygonandaskfor the shortesfTSP routethat visits all verticesof the
grid. Thenwe canadaptthe grid solutionto the polygonby makinglocal adjustments
[Ntafos,1992]. The quality of the resultingsolutiondependn how ne thegrid is.
If the resultingroutevisits eachvertex on the grid only once,we have a Hamiltonian
circuitandanoptimumTSProuteandthereforeanoptimumsearchpattern.An exam-
ple of thed-sweepemethodon a pyramid-typeshapecanbeseenn Figure2.11. This
shavstheoutline of the polygonwith a TSPsolutioninsidethe polygon. This solution
is built onagrid, coveringall verticesof the grid within the polygon.
Thesealgorithmsare examplesof heuristicsolutionsto the NP-Hardproblemof
nding efcient routesthat cover a given polygonalarea. Thesesolutionscould be
appliedto aSearchandRescuaperatiorto devisesearctpatternghatef ciently cover
asectorof thesearcharea.Thegenericsearctpatternghatarecurrentlyusedn Search

andRescuemay notusetheresource®f the pilot andaircraftvery ef ciently because
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Figure 2.11: d-sweeper pattern within a polygon

theoverall shapeof thesearclpatterncouldeasilynot matchthe shapeof the sectorto
be searchedBy usingtheresourcesnoreef ciently, the searchof the sectorcouldbe
completedwith fewer resourceswhich allows additionalsweepsf a sectorgiventhe
availableresourcesndthuslyincreaseshe probability of detection.

It would beharderto applythesemoreef cient searchpatterngo groundsearchas
therearesomelearnabilityissues.Theseroutesmay not be the mostobviousroutesto
usein searchinganareaandwould thereforenot be easyfor the searcherg question
to follow carefully and searchthe sectorthoroughly Also, it is moredif cult for a
personon the groundto maintaina directheadingastheremay beterrainobstaclesn
theway or justthe commonhumannaturenotto walk in astraightline for anextended
period of time. Therefore,it is betterto apply thesenewn searchpatternsto aircraft

search.



Chapter 3

Implementation of a Search

Management Tool

3.1 Objectives

One primary aim of this projectis to implementan automaticgenerationof search
patterns. This automaticgenerationof searchpatternscanwork togetherwith other
projectgoalsto provide a SearchManagementool that provides functionality for a
searchmanageto coordinatevariousaspect®f the searchoperation.To do this, the

resultingimplementatiomeeddo ful | somebasicobjectives.

3.1.1 User De ned Search Area

Oneof the rst stepsa searchmanagerdoeswhenbeginning a searchoperationis to
de ne theareato be searchedThis areais thendividedinto sectordasedon various
probabilitiesthat the subjectis in an areaandto 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. Theseprobabilitiesare deter
minedbasedon a numberof aspectsdetailedin Chapter2. To assistthe Searchand
Rescuananagein de ning thesesectorsandthereforede ning thesearchareawhich
is wholly andcompletelycomposeaf sectorstheimplementatiorwill allow theuser
to “draw” thesearclsectoroontoanunderlyingmapusingthemouse Oncedrawn, the
searchmanagecangetthelatitude/longitudecoordinate ®f the verticesof thesectors
to usein furthertasksin managinghesearchoperation.
TheSearchManagementiool will make afew assumptionsnthesectorghesearch
managemwill drav onthe map. The sectorswill bein a closedpolygonalshapewith
no“holes; whicharesmallerpolygonscompletelycontainedwithin alargerone.The
sectorswill alsoneitheroverlapnorleave gapsin the searcharea.ln otherwords,ary
pointin the searchareawill be coveredby oneandonly onesector If anareaof the
mapis not within a dravn sector it will be assumedo be outsidethe de ned search

areafor this searchoperation.

3.1.2 Dening Constraints on Sectors

Oncethe sectorshave beende ned by the searchmanageibasedon the assumptions,
the next stepfor the searchmanagets to de ne variousconstraintsor eachsector
Theseconstraintanclude the probability the subjectis within the sectorandthe in-
dividual searcherassignedo the sector This SearchManagementool will include
the ability for a searchmanageto assignprobabilitiesandindividual searcherso the
sectors.Thetool will alsoprovide ageneral‘catch-all” areafor thesearchmanageto
storeinformationfor eachsector This stageof the de nition allows the searchman-
agerto addary additionalnotes,re ections, or importantinformationregardingeach

sector
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3.1.3 Automatic Generation of Search Patterns

After the searchmanagethasde ned the sectorsandary constraintshe feelsneces-
saryfor the sectorthe SearchiManagementool will automaticallygenerateéhe search
patterns.Thesepatternswill be aimedtowardsair searchasthe automaticde nition
of air searchpatternshasthe mostpotentialusefulnessn a SearchManagementool.
Thesepatternswill bede ned in latitude/longitudecoordinatesandwill give ef cient
coverageof the searchsectorbasedon the userde ned track width, or the visibility
distanceof the aircraft. This visibility distancedependon the altitudethe aircraftis
ying at, the currentweatherconditions,and ary otherfactorsthat may impactthe
ability of the aircraft pilots to searchthe sector If the userhasnot de ned a track
width thena default valuewill be assigned.Thesesearchpatternswill be basedon
theheuristicalgorithmsdescribedn Section2.2 asthesepatternsaremorelikely to be

moreef cient thenthe genericsearchpatternghatsearchmangerdendto usetoday

3.1.4 Status Reporting

A searchmanagenotonly needdo de ne thesearchareasectorsandsearctpatterns,
but healsoneedgo monitorthe statusof thevarioussectors.The SearciManagement
tool will provide the capabilitiesto storethe percentage sectorhasbeensearched,
the probabilitiesof the subjectbeingin the sector andary othernotesthe searchers
may have on the sector Thesenotesmay includevital informationsuchasanitem of
the subjectwasfoundin agivensectoror ary “hunches’theindividual searchersnay
have in a sector This statuskeepingfunctionality would not be quite so bene cial if
someonéhadto monitora phonecontinuouslyandtranscribeary new statusnforma-
tion. Insteadthe SearchManagementool will provide capabilitiesfor theindividual

searcherto sendnformationto themaintool usingbasicXML messagingommands.
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Also, usersatthemaintool cansendnformationregardingthesectorgo theindividual
searchersisingXML messagingThisinformationincludestheverticesof thesectors,

the verticesof the searclhpatternsandary statusnformationavailableon the sectors.

3.2 Tools for Implementation of Search Management

Insteadof creatingthis implementationfrom scratch,| investigatedusing existing
technologiedo meetthe objectvesabove. Sincesearcheseedto be plannedon a
geographicamap, a Geographicalnformation Systemseemso be the mostlogical

technologyto usein asearchmanagemenmplementation.

3.2.1 Geographical Information Systems

GeographicalnformationSystemgGIS) combinelayersof informationabouta place
to give the usera betterunderstandingf thatplace. A GIS providesimproved man-
agemenbf resourcedy allowing the userto query analyseandmapdatato support
adecisionmakingprocesgGIS website,2004. To comparethisto acommonsystem
used,one couldlook at transparenciesn an overheadprojector A map of the area
would be the rst transpareng laid on the projector Additional information could
be placedon separatéransparencies-or example,the political outlinesof countries
couldbe on onetransparencandif placedon top of the map,the audiencecouldsee
boththe underlyingmapandthe political boundarie®f the countries.In this manney
one canadd additionallayersof informationto the mapandremove layersthat are
unnecessanA GIS simply takesthis ideaandusest in a computerapplication.In a
GIS, layerscanbe eitheropaqueor transparentOpaqudayersdo not allow the users

to view underlyinglayersandcanbeusefulwhentheapplicationneedgheunderlying
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layersbut theuserdoesnotwishto view thoselayers.Transparentayersallow theuser
to view all theinformationbelow thelayeralongwith thetransparentayer. While this
canmake themapclutteredif severallayersareactie, it alsoallowstheusercomplete

controlof theinformationin the map.

3.2.1.1 Why use a GIS in Search Management?

A searchmanagemneedsto monitor several aspectf the Searchand Rescueopera-
tion aswell asto be ableto de ne constraintson the map. All this informationcould
be very messyif it wereall displayeddirectly ontoa map. Having severaltext areas,
menuoptions,or dialogsboxeswould alsonot be ideal in this situation. Therefore,
storingthe information on variouslayersin a GIS would provide a conciseand eas-
ily viewable methodto displaythe informationa searchmanagemneedsto be ableto
accessn a searchoperation.If the searchmanagerdoesnot needto view the search
patternshe cansimply deactvate the patternlayer andview the statusinstead. The
relevant datais still in the application,just not visible to the user Also, having this
informationdisplayedonamapprovidesthe searchmanageaneasyway to matchthe
informationin the applicationwith the visual aspectof the area. For example,a list
of coordinatedor a searchsector while providing all the necessarynformation for
the searchmanagerdoesnot provide a very goodway to visualisethe sectorssothe

searchmanagercanensureheentiresearchareais covered.

3.2.1.2 Which 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 searchmanagemenimplementation, the cost can be prohibitive.
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Several other companiesprovide GIS applicationsas well including Maplinfo Inc.
[MaplInfo, 2004], and BBN Technology[BBN OpenMap2004. While theseGIS
applicationsvould provide the functionality requiredfor this implementation| chose
to use BBN Technologys OpenMapbecausat is both opensourceand written in
Java. Being ableto write the layersrequiredfor the SearchManagementool in a
languagd amfamiliarandcomfortablewith reduceghelearningcurve in this project
while opensourceallows me the ability to investigatein high detail how the GIS

worksif | encounteary problems.

3.2.2 Communication Tools

After choosinga GIS applicationto basethe SearchManagementool on, | turned
to nding acommunicatiortool thatwould be ableto handlethe XML messagede-
scribedn theobjectivesof thisimplementationldeallythecommunicatioriool would
have the ability to integratewith the GIS to easilymanagehe messagesentandre-
ceved. I-X [Tateetal.,2004 seemdo be a logical choicein this mannerasit has
alreadybeenintegratedwith BBN's OpenMapGIS by Clauirton Siebra,a PhD stu-
dentat the University of Edinburgh [Siebra, 2004, andincludesthe ability to send
messages basicXML encapsulatingelevantinformationthat canbe storedon the

implementatiorof OpenMap.

3.221 I-X

[-X, by using processpanels,is usedto supportindividual userswho are carrying
out processesand respondingto events in a cooperatre working ervironment
[Tateetal.,2004. Thesepanelssupportthe trackingof personabr groupissuesthe

planningandexecutionof activities andthe checkingof constraints. Thesepanelcan
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alsobe connectedo a Map Tool, displayinginformationin the layersof OpenMap
asnecessaryl-X, while alreadycontainingthe integrationwith BBN OpenMapalso
providesmessagingapabilitiesusing XML messagingommands.Theseenablethe
usersto sendinformation via messagingprotocolsfrom one I-X panelto anothey

having therelevantinformationappeaion the Map Tool whenthemessagarrives.

3.3 Steps to Implementation

Oncethe objectveshave beensetandthe supportingapplicationshave beenchosen,
the next stepis to divide the tool implementationinto stepsthat canbe individually
implemented. An obvious division of this searchmanagemenimplementations to
rst enablethe userto draw the sectorde nitions on themap. Oncethis is completed
to satisfction,the next stepis to provide the functionality for the userto de ne the
statusinformation. Theseincludethe probability the subjectis within eachsector the
searchersassignedo eachsector the percentageachsectorhasbeensearchedand
ary furthernotesthe searchmanagewmwishesto storeattachedo the sectors.The nal
stepis to implementautomatiayeneratiorof theair searctpatternsn eachsector This
stepautomaticallygenerates list of latitude/longitudeverticesthat, whenconnected,
provide the searchpatternan aircraft shouldusewhen searchinga particularsector
Theseautomaticallygenerategatternsare basedon the ZamboniDecompositioral-

gorithmdescribedn Section2.2.1.

3.4 Algorithms Needed for Implementation

Creatingthe SearchManagementool requiresmore thanjust simple coding. De-

scribedherearesereralalgorithmsandequationghatrequireadditionalexplanationin



Chapter 3. Implementation of a Search Management Tool 29

how they work.

3.4.1 Point in Polygon

This algorithmprovidesthe meangto decideif a givenpointis insidea closedpoly-
gon. This is usedseveral timesin the SearchManagementool to decideif a lati-
tude/longitudecoordinatds insidea userde ned sectoy or polygon.While therearea
few algorithmsto decidethis, the simplestis to drawv aline throughthe pointin ques-
tion alongthe latitudeline and countthe numberof timestheline crossesan edgeof
the polygonon eitherside. If the numberof timesthatline intersectsanedgeon both
sidesof thepointis odd,thenthe pointin questionis insidethe polygon. Otherwisejt
mustbelying outsidethe polygon[Finley, 199§. Thereareadditionalcasesandling
theinstancesvhenthe pointis on anedgeor vertex of the polygon. Beforecounting
the numberof timestheline crossesanedgeof the polygon, rst ensurethatthe point
is notavertex. If thepointis on anedgeof the polygonthenthe numberof timesthe
drawn line will passthroughthe polygonon onesidewill be zero,andon the other
sideit will beanoddnumber Usingthis property it is easyto determingf apointlies
on the edgeof the polygon. An exampleof this algorithmcanbe seenin Figure3.1.
In this gure, thepointin questiorhastheline dravn throughit, intersectingheedges
of the polygon. On theright side,theline intersectghe polygonthreetimeswhile on
theleft sideit intersectshe polygon vetimes. Sincebothof theseareodd,the point

mustbe containedwithin the polygon.

3.4.2 Azimuth Calculation

Anothervery importantalgorithmin the SearchManagementool is the azimuthcal-

culation. The azimuth,also referredto asthe 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 azimuthcanalso be thoughtof asthe slopeof a line sggmentbetweentwo lat-
itude/longitudecoordinatessit is away to determinewhich directionaline is moving
on a sphericalshape.As the SearchManagementool usesthis functionto calculate
the anglebetweento edgesof the polygon, the initial inclination is to usea simple
vector dot-productor other equationdrom geometryandtrigonometry However, |
soonrealisedthis cannotbe doneas latitude/longitudecoordinatedie on the earth,
whichis not at. Therefore,geometricequationsdasedon a planarspacewould not
sufce in this situation.Insteadwe hadto turnto sphericalgeometryandtheformula
[Veness2002:

sinlongl lon® coslat2

Azimuh tan . -
coslatl sinlat2 sinlatl coslat2 coslongl long2

wherelat1l andlongl arethe latitudeandlongitudeof the originatingpoint, speci ed
in radians. Lat2 andlong? are the latitude and longitude of the destinationpoint,
speci edin radians.

This formula givesthe anglemeasuremerttetweerthe arc from the origin to the

north pole andthe origin to the destination. SeeFigure 3.2(a)to betterexplain this.
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North Pole North Pole
Negative
Azimuth Azimuth Origin
Origin
Destination Destination
(a) Positve Azimuth angle (b) Negative Azimuth angle

Figure 3.2: Azimuth angle calculation

However, if the arc segmentfrom the origin to the destinations headingfrom eastto
west,the azimuthcalculationis negative insteadof beinggreaterthanp asshown in
3.2(b).Usingthisformula,andimplementingcasesit is possibleto calculatetheangle

betweentwo arcson the earth.

3.4.3 New Point Given an Azimuth and Origin

To createhesearclpatterninsidethesectorave have to manipulateheazimuthcalcu-
lationsto gettheazimuthbisectingtheinterior angleof thesectorandheadingnwards
onthepolygon.To calculatea new coordinatealongthis azimuthat a certaindistance
from the origin would be a simplecalculationin a planarworld usingslopesandbasic
geometry but canbe dif cult, or at leastmorecomple, in a sphericalworld. This

equationgo calculatethis new pointon a sphereareasfollows [MAPINFO-L, 2004

DedlLat arcsin sinlatl cosdist coslatl sindist cosazimuh

sin azimih sindist coslatl
cosdist sinlatl sinlatl

dLong tan
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interLong longl dLong p longl dLong p

2
if interL,ong OtheninterLong interLong 2p

Deglong interLong p

Thelatl andlongl representhelatitudeandlongitudeof the origin andarebothrep-
resentedn radians.Theazimuh mustalsobein radianunitsfor this formulato work.
Thedist representshe distancefrom the origin we wish to plot the new point. This,
too,is representedh radianswhichis easilycalculatedy corvertingthedistancanto
nauticalmiles and multiplying by 3—6%% asonenauticalmile is equalto oneminute
of anarc, or 6—10 of adegree. The new coordinatedist from the origin, is at the point

DedlLat Deglong.

3.4.4 Integrating Algorithms and Equations to generate Search

Patterns

By usingtheequationsndalgorithmsdescribedbore wewereableto generatesearch
patternsin a given sectorusing an algorithm basedon the ZamboniDecomposition
algorithmdiscussedn Section2.2.1. The rst stepin this algorithmis to examine
the sector or polygon,to checkif it is a corvex polygon. If it is corvex, or having
all internalangleslessthanp radians,thenthe shapeis alreadya zambonipolygon
and we can generatethe searchpatterndirectly. If the sectoris not corvex thenit
needsto be dividedinto a seriesof non-overlappingcorvex polygons. For example,
if the original sectorcontainssomeobtuseangles,or internalanglesgreaterthanp,
the polygonwill bedivided. To do this, the algorithmcompareshe distancerom the
offending vertex, the onewith internalanglegreaterthanp, to the other verticesof

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 algorithmthen checksboth
of thesepolygonsfor obtuseanglesandif ary arefoundthenthe processepeatsuntil
nointernalanglesaregreaterthanp. This processanbe seenin asimpleexamplein
Figure3.3.

Oncethesectoris dividedinto purelycorvex polygonsthenext stepis to generate
the searchpatternto usewithin the sector This is doneindividually for eachcorvex
polygonandthenthe searchpatterndor theindividual polygonsareconnectedisinga
simplegreedyalgorithm.

To generatasearclpatternfor apolygon,thealgorithm rst calculateshelongest
edgeof the polygonto useasthe baselineof the searchpattern.Fromthetwo vertices
onthisline, thealgorithmcalculateghe bisectingazimuthof eachvertex andthe new
pointsalongthesebisectingazimuthinsidethepolygon. Thesenew pointsaretheuser
de ned trackwidth away from the vertices.Becausdhe angleis lessthanp, the new
pointwill belessthanthehalfthetrackspacingrom thesidesof thepolygon,ensuring
correctcoverageof theentirepolygon.New pointssuchasthesearealsocomputedor

theadjacenverticesaswell, asin Figure3.4(a)wherethex'smarktheinterior vertices
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of thelongestedgeandthe o's markthe adjaceninternalvertices.Oncethesepoints
arecalculatedthenext stepis to calculateheazimuthsalongtheadjacenedgesasthe
dottedlinesindicatein Figure3.4(a).

Using theseazimuthsit' s possibleto continueto calculatenew pointsalongthem
at a distanceof the track spacing. This is continued,connectingthe track lines at
alternatingedgesasin the creepingline searchpattern(Figure 2.3) until one of the
new pointscalculateds ator beyondthecalculatednterior pointof oneof theadjacent
verticesasin Figure3.4(b). At this point, the next pair of verticesaroundthe polygon
arebisectedandthe interior pointsare calculatedasin Figure 3.4(c) andthe pattern
building is continuedas before. Oncethe polygonis completelycoveredwith the
tracklinesany additionalpolygonsin the sectorhave their patterngde nedin asimilar
mannerasin Figure3.4(d).

The nal stepin the searchpatterngenerations to connecttheindividual patterns
of the polygonsinsidea sectorto make onecontinuoussearchpattern.To do this, we
simply calculatethe shortestdistancebetweena startandan endpoint of the various
individual patternsandgreedilyconnecthem. The thick dottedlinesin Figure3.4(d)
shawv theseconnectinglines andthe nal resultis a continuoussearchpatternthat

ensuregoverageof the entirepolygonwith auserde ned trackspacing.

3.5 Implementation of Search Management tool

Theactualimplementatiorof the SearchManagementool took several stepsto com-
pletion. The rst suchstepwasto enablethe userto drav sectorsontotheunderlying
mapin BBN OpenMap.Thenext stepwasto addthe patterngeneratiorincludingthe

functionalityto split theirregular polygonsinto corvex polygons.The nal suchstep
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(a) Initialising the new (b) Startingthe pattern

pointsin apolygon in the rst stage

(c) The searchpattern (d) The searchpatternfor

for acorvex polygon 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 the problemsencountereduringimplementationarediscussedbelow.

3.5.1 Drawing the Sectors

The rst stepin the SearchManagementmplementationvasto addthe functional-
ity for drawing sectorson the map. This entailedgrabbingthe mouseclick on the
mapandcorvertingthe x/y coordinatesnto latitude/longitudecoordinategor storage.
However, sincetheusermaywishto click onthe mapwithout necessarilyraving the
sectors,| neededa way to turn the draving on and off. To reachthis goal, | added
a propertiesbuttonto the layer. By pressingthe button'Start Building', the usercan
indicateheis readyto draw the sectorson the mapby clicking on the verticesof the
sectorsand doubleclicking to indicatethe nal vertex of the polygon. At a double
click, thetool checksf thedravn polygonis closedandif not, it automaticallycloses
the polygon. The tool thenaddsthis sectorto I-X asa constraint,allowing it to be
referredto by otherlayers. Whenthe useris nished draving the sectorsandwishes
to turn off thedrawing capabilitieshemerelynavigatesto the propertiesuttonfor the
SectorDe nition layeragainandpresseshe'Finish Building' button. In Figure3.5,a
sectoris in the procesf beingdravn onthemap. Thebuttonto nish thebuilding is
displayedaswell.
| encounterecn unexpectedproblemwhenaddingthis functionality to the tool.

The integration of BBN's OpenMapand I-X includesa 'World Objects' layer that
allows the userto addobjectsto the mapby right-clicking on the map. Becausehis
layer alsointerpretsthe mouseeventson the mapandis of a higherpriority thanthe
SectorDe nition layer | de ned, the mouseeventswere being ltered throughthe

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

beingcommunicatedo the SectorDe nition layer As aworkaround,l disabledthe
World Objectslayer upon startingthe tool. However, the usercan still enablethe
layer and causethe problemto occur A permanensolutionto this problemwould
be to eithermodify the World Objectslayer to allow all mouseeventsthroughor to

completelyremove the World Objectslayerfrom theuser

3.5.2 Splitting Polygon and Pattern Generation

Oncel hadtheability to drav sectorson the mapandthe methoddescribedn Section

3.4.4,1 wasableto work onthelayerto de ne the patternan the sectors.However, |
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quickly raninto aproblemwhenl realisedevengiventheazimuthcalculationgSection
3.4.2),it is dif cult to calculatetheinternalangleof avertex in apolygon. It is fairly
simpleto calculateananglebetweernwo intersectingarc segments put determiningf
thatangleis the internalor externalangleof the polygonis a differentmatter After
giving this somethought,l decidedto handlethis usingcases.

The rst stepis to determinethe sign of the azimuthcalculationsof the arcscom-
posingthe vertex of the polygon. Dependingon their signs,both positive, both nega-
tive, or one of each,we cancalculatethe bisectingazimuthof the obtuseside of the

vertex accordingly For bothpositive or both negative azimuthsthe bisectingazimuth

jg azmahl azimah2 \yhereazimuhl azimuh2. For azimuthsnot of the samesign,

the bisectinganglecalculationis morecomple. If the positive azimuth,azimuthl is

greatetthan 8, thebisectingazimuthis 2p ~ 82muhl_azimah2 ‘qyeyer, if the positive

azimuth,azimuthl s lessthan§, thebisectingazimuthis 82imahl _azimh2

Usingthesecasesywe now have thebisectingazimuthof the obtusesideof thever-
tex. To determindf this obtusesideis to theinterior of the polygon,we rst calculate
a point alongthe bisectingazimuthusingthe formulain Section3.4.3. With this new
point, we checkif it is in the polygonusingthe algorithmdescribedn 3.4.1. If the
pointis insidethe polygon,theobtuseangleis to theinterior of thepolygon.However,
if thepointis notinsidethe polygon,theobtuseangleis to the exterior of the polygon.

If thevertex hasanobtuseangleto theinterior of thepolyton,asdecidedabove, we
thensplit the polygonusingthe methoddescribedn Section3.4.4above. With thetwo
polygonsnow createdwe cancontinuecheckingthe interior anglesof the polygons,
splitting asnecessaryuntil thereareno moreobtuseangledo theinterior of apolygon.

Usingthe similar casedo the onesabove, we cancalculatethe bisectingazimuth

of theverticesin the sub-polygongo generate¢he patternausingthemethoddescribed
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in Section3.4.4.Figure3.6shavs a patterngeneratedor a corvex sector This pattern
completelycoversthe polygongiventhe sweepwidth de ned, in this casethe sweep
width is 10km. Thesearchpatternsaredisplayedn the SearchPatternlayer, allowing

the searchmanageto easilydisplaythe patternsor not.
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Figure 3.6: Generated pattern for convex sector

Thesearchpatternbecomesnorecomplicatedvhenthesectorde nedis notasim-
ple corvex polygon. An exampleof the searchpatterngeneratedor a morecomplec
polygoncanbeseenn Figure3.7. This searclpatternshavs threeindividual patterns
thatarethenjoinedto createonemoreelaboratepattern,againusinga sweepwidth of

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

3.5.2.1 Outstanding Issues with Pattern Generation

Unfortunatelydueto thecomplex natureof thepatterngeneratioraspecbf the Search
Managementool, thereare someoutstandingssues.Due to the sphericalnatureof

the earth,relying on the azimuthto determinghedirectioncancausesomeproblems.
Namely overlargedistancesheazimuthvaluecanchangevhile maintainingthesame
direction. The SearchManagementool doesnot accountfor this sotherefore,if the
sectoris large the generateghatternmay not be complete.To overcomethis problem
the SearciManagementool needgo continuallyre-calculateheazimuthbetweerthe

interior points,asin Section3.4.4. Sincemostsearchmanagersvould not be using
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sectordarge enoughto causehis problem,| decidednotto correctit for this project.

The SearchManagementool alsodoesnot optimally split the complex polygons
into smallerpolygons.Thealgorithmmerelysplitsthe complex polygonsinto smaller
convex polygonswhich canthenhave a patterngeneratedn. However, someof the
smallerpolygonscansometimese memgedandstill have a searchpatterngenerated
successfullyfor this larger polygon. This would require an additional stepin the
methoddiscussedn Section3.4.4to nd andmergethesepolygons.

Finally, the SearchManagementool doesnot optimally connectthe individual
searchpatternsin a complex polygon. Currentlyit comparesdwo individual search
patternsat a time andoptimally connectghem,but doesnot considerall of thesearch
patternsat once. To correctthis would necessitatan additionalstepafter all the in-
dividual searchpatternhave beende ned to optimally connectthemusinga simple

Travelling Salesmamlgorithm.

3.5.3 Status of Sectors

Maintaininganddisplayingthe statusof the sectorgs the nal stepin theimplemen-
tation of the SearchManagementool. This is doneusingtwo layersin thetool. The
menuoptions,shavn in Figure 3.8, give the userthe ability to view andupdatethe
probability the subjectis in the sector the statusof the searchin the sector the indi-

vidual searchersissignedo the area,andary additionalnotes. Theseoptions,aside
from viewing the individual searchersare available in dialog windows. Figure 3.9
shaws the dialog window for the displayingand creatingadditionalnotesthe search
managemay have ontheparticularsector Thesenotesaretimestampedallowing the
searchmanageto easilyseethe timeline on which the noteswerecreated.The other

menuoptionsbring up similar dialog windows to allow the searchmanageito view
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andmodify thevalues.
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Figure 3.8: The menu options for each sector

Thesemenuoptionsareprimarily visible throughthe SectorDe nition layerin the
SearchManagementool. However, the tool alsoincludesa Statuslayer. This layer
providesthe colourcoding of the sectorswith regardsto their status,or percentage
searchedlf the percentagesearcheds between0 and 33, the sectoris colouredred;
if the percentagsearcheds between34 and66, the sectoris colouredorange;if the
percentagesearcheds between67 and 99 the sectoris colouredyellow; and nally
the sectoris colouredgreenif it is 100 percentcompletelysearched. This simple
colour codingallows the searchmanageto seeat a glancewhich sectorshave yet to
be searchedwhich onesarein progressandat whatlevel of completionthey areat,
andwhich oneshave beencompletelysearchedFigure3.10shaws several sectorsn

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

give anunclutteredview of the sectorstatus however the patternsvould bevisible as
all layersin the SearchManagementool aretransparentThis gure shovs onesector
thatis still in the beginning stage<f the searchpnesectorthatis partially searched,
onesectorthatis nearlycompletelysearchedandtwo sectorghathave beensearched
to completion. From this view, the searchmanagemwould be ableto determinethe
searcheffort still requiresa greatdeal of work asa majority of the searchareais not

completelysearchear nearingcompletion.
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Figure 3.10: Several sectors with varying search statuses
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Conclusions

Theprojectdetailedn thispapethadserseralaimsto satisfy Thesancludedinvestigat-
ing the useof searchpatternsn SearcrandRescueperation@andtheimplementation
of automaticgeneratiorof searchpatternsfor searchmanagerdo use. With the rst
aimin mind, we examinedthe useof genericsearchpatterndasednthede nition of
sectorsandtheprobabilitiesassignedo thosesectors.Thesesearchpatternshowever,
needto bemodi ed onacase-by-caskasisto ensurecoverageof theindividualsearch
sectors.Becausehis addsa large amountof overheadn termsof time andenegy on
the partof the searchmanagerwe investigatedtherpossibilities. The Roboticsand
CAD/CAM elds often alsorequirecovering an areawith completecoverage. The
Robotics eld oftengivesrobotsthe taskof searchingan areafor a particularobject.
This involves searchinghe areawithin the visibility of the robot until the objectis
found. CAD/CAM usesthis generalideain milling. In milling, a mill needgo cover
ade ned areacompletelybut not cut outsidethearea.ln bothof these elds, thealgo-
rithmsto de ne therouteusedby eithertherobotor mill try to minimisethe distance
of the route. Searchpatterns,andthe useof aircraftto follow them, shouldalsobe

formedwith thisideain mind asthe shorterthe distanceoverall to cover a sector the
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moresweepf the sectorcanbe performedwithin a givenamountof time andfuel.

Thereare several differentalgorithmsthat nd heuristicsolutionsto this general
problem. In Section2.2, this paperdiscusseshreesuchalgorithms. The rst, Zam-
boni Decompositionsplits the irregular polygonthat representshe sectorinto zam-
bonishapes,nds the shortestoutewithin theseindividual shapesandthenconnects
theseindividual searctroutesto composealargerroutethatcoverstheentirepolygon.
UniskeletalDecompositionnds the skeletalpolygonallines of theirregular polygon
that representsghe sector Using this, it generatesearchtracksparallelto the line
until the polygonis covered. The nal heuristicalgorithmcoveredin this paper the
d-sweepeglgorithm,placesa grid in the polygonanddraws basictravelling salesper
sonrouteson the grid andthusly nds arouteto cover the polygon. Applying these
heuristicalgorithmsto the SearchandRescueeld canhelpimprovethesearchroutes
usedby aircraftandtherebyimprove the searcheffort.

This leadsinto the next aim of the project, which is to implementa tool which
automaticallygeneratesearchpatterndor asearchmanagerThis paperdiscusseghe
applications algorithms,and mathematicakquationsnecessaryo generatea search
route usingthe ZamboniDecompositioralgorithmfor anirregular polygonalshaped
sector Creatinga searchrouteusablein Searchand Rescuds moredif cult thanin
Roboticsor CAD/CAM asthe earths surfacecomesinto play. In both Roboticsand
CAD/CAM, thealgorithmis nding arouteonaplanarspace However, in Searchand
Rescuehe primary problemarosewith theunderstandinghatthe earthis anirregular
spherewhereplain geometryhasno bearing.Eventhe useof sphericalgeometrycan
causesomeproblemsbecausehe earths surfaceis not perfectlyspherical.While the
SearchManagementool tries to overcomethis problem,someissuesstill exist with

the patterngeneratior(Section3.5.2.1).
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Evenwith the outstandingssuegresenin the Searchviangagemerntol, thetool
generatesisablesearcipatterndor mostuserde ned sectors.Thesepatternsaregen-
eratedusingsphericalgeometryin a methoddescribedn detailin Section3.4.4. This
methodinvolvessplitting the userde ned sectorinto manageabl@olygons,calculat-
ing theazimuthof variouspointswithin thepolygon,andgeneratinghesearchpattern
usingtheseazimuths.

Thetool alsostoreghestatusof the sectorsaalongwith otherinformationpertaining
to the sector This informationgivesthe searchmanageia simpleway to storeperti-
nentinformationsuchasthe probability the subjectis within the sector theindividual
searcheassignedo eachsector ary relevantnotesregardingthe sector andthe per
centageof thesectorcompletelysearchedThetool notonly providesa meango view
the percentageomplete,but also color-codesthe sectorsdependingon their status.
This color codingvariesfrom red to orangeto yellow dependingon the percentage,
and nally greenindicatesthe sectoris 100 percentsearchedThis color codinggives
thesearchmanager quick andeasyway to look atthe mapanddeterminethe overall
statusof the searcheffort alongwith approximatestatusof theindividual sectors.

The combinationof the searchpatterngeneratiorandthe statusnformationavail-
ablemake the SearchManagementool a usefultool for searchmanagersit provides
anew patterngeneratiorusingroute generatiorheuristicalgorithmspreviously used
in otherareaswhile alsoproviding an easyway for the searchmanagerg¢o maintain

andview the statusof the searchoperation.
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Future Work

Therearemary tasksthe SearchMlanagementool could be expandedo encompass.
Thesetaskswould provide a bettertool for the searchmanagerto usebut were not

feasibleobjectivesin thetime allowed.

5.1 Pattern De nition in Pilot Routing Terms

The searchpatternscurrently generatedoy the SearchManagementool are repre-
sentedn a sequencef latitude/longitudecoordinateghatarethe verticesof the pat-
tern generated.However, pilots rarely use sequencesf coordinatego de ne their
ight routes. An appropriateadditionalfunctionality of the SearchManagementool
would be to include a corversionfrom the latitude/longitudecoordinatelist to a di-
rectly usableformatfor thepilots. Thisincludesalist of thebearingspr azimuthsand
distanceso travel alongthosebearingsnsteadof thecoordinatdist. With thisdirectly
usabldist, the searchmanagercould give the pilots the searciplandirectly insteadof
wastingtime translatingthe patternfrom the list of latitude/longitudeverticesto the

bearingsanddistances.
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5.2 Terrain Obstacles

The SearchManagementool doesnot accountfor ary terrainfeaturesn de ning the
searchpatternsor assistinghesearcimanagerinsteadijt reliesonthesearchmanager
to de ne the searchsectorsaccordinglyto avoid troublesomeerrainfeatures. Such
featurescanincludecliffs, waterfront,androads. All of theseaffect the searcheffort
asthey affect the probabilitiesthe subjectis within an area. For example,if the lost
subjectis achild it is notvery reasonabléo have anaircraftsearchover openwateras
it's unlikely a child, if in the water would be visible from the air. With anautomatic
analysisof the terrain and avoidanceof unlikely areasthe searchpatterngenerated
would be more ef cient in covering the likely areaswhich is more bene cial to the
searcheffort.

Initially the Searchivlanagementool couldallow the userto entersuchterrainob-
staclenthemapasfeaturesThiswould allow theuserto de ne theimportantterrain
obstaclesvhile ignoring thoseirrelevantto the situation. However, this addsmainte-
nancework to usingthe SearchManagementool. Becausencreasingthe workload
on the searchmanagelis not a goal of the SearchManagementool, the tool could
take advantageof one of the featuresof a GIS. GIS applicationsgive the usersthe
opportunityto readinformationdirectly from the underlyingmap,removing the need
for theuserto prede neterrainobstaclesTo do this, however, the GIS requiresamap
of sufcient detailto provide relevantinformationatthelevel a searchmanagemwould
require.Thiswould remove somemaintenanc&ork onthesideof thesearchmanager

while providing bettersearchpatterndor a givensector
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5.3 Search Pattern Selection

Currentlythe SearchManagementool only generate®netype of searchpattern- a
modi cation of the creepindine patternusingthe ZamboniDecompositioralgorithm.
This, however, may not be the mostrelevant patternto usein the given situation;the
sector(Figure2.5) or contoursearchFigure2.6) maybe a betterchoice.As theuser
the searchmanageris knowledgeableof the sectorsto be searchedand the generic
searclpatternscommonlyused hewould beableto make aneducatedhoiceof search
patternif givenoptions. With this in mind, it would be bene cial to give the usera
selectionof recommendeg@atterndo useontheareawith perhapsadefaultif theuser
doesnot chooseone. This not only allows the usergreatercontrol over the Search
Managementool but alsowould provide anadditionalfunctionalitythatwould bene t

the searchoperationin general.

5.4 User-Modi ab le Sector s and Patterns

Anotherfeaturewhich would allow the usergreatercontrol over the SearchManage-
menttool would be to implementthe ability for the userto modify the sectorsor pat-
ternsaftercreation.Currently oncea sectorhasbeendravn onthemapor de nedin
I-X, the sectorcannotbe modi ed. If thereis a mistale or if the sectorsneedto be
rede neda sectormustbe deletedandre-de ned. Giving the userthe ability to tweak
the sectorsafterdraving themwould mostlik ely reducefrustrationswith thetool and
increasat' susability. Enablingthe userto modify the patternsaftergeneratiorwould
give the usergreatercontrol over the patternsstoredin thetool. This would, perhaps,
causethe usersto follow the suggestegatternswvhile performingtheir searchinstead

of makingmodi cations while in the searchgiving the searchmanagemorecontrol



Chapter 5. Future Work 51

over the actualsearche®eingperformedandalsoan accurateecordof the searches

completed.

5.5 Automatic Analysis and Suggested Deployment of
Resour ces

Sincethe searchmanagercan enterthe probabilitiesof the sectorsand the people
availableto performthe searchest would be a logical extensionfor the SearchMan-
agementool to analysethis information and suggeswhich resourceshouldbe de-
ployedto thevarioussectors With thesuggestedesourcaleployment,thetool would
alsoautomaticallygeneratehe searchpatternsaccordingto this deployment, saving
the searchmanagethe necessityof de ning this informationhimself. Of course the
searchmanagesshouldbe ableto overridearny suggestiongsotherinformationmay
comeinto play thatcannotbe analysedy the Searchvlanagementool. However, this
would savetime in the planningstageof the searcloperationallowing additionaltime
for the actualcompletionof the searchoperation. This is animportantbene t when
time may be limited or evenvital to the subject. Often searchmanagemendecisions
needto be madevery quickly andtakingsomeof this decision-makingway from the

searchmanageallows time for othertasksto be completed.

5.6 Complete Search and Rescue Management

The SearchManagementool discussedn Chapter3 only coversa small part of the
SearclandRescueefforts. Enlaiging thetool to handlea SearcrandRescueperation

from startto nish, would bealogical goalasthenthe SearchrandRescud¢eamscould
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work completelywithin onesoftwaretool. This packagecouldincludethe ability to
recordinterviews with the subjects family andfriends,analysehe statisticalinforma-
tion abouttheareaandotherareasf thesearcheffort. The packagecouldalsoinclude
therescuesideof SearchrandRescueoperationsFor example,it could storeinforma-
tion regardingthe availability of resourcesn anareaandsuggestry deploymentof
appropriategesource#f neededThiswould relieve the coordinatorof the Searchand
Rescueperationghenecessityf knowing all theresource# theareaincludingtheir
availableskills andcurrentavailability to handleemegencies.

Thefeaturedistedin this chapterare merelysuggestion®f directionsthe Search
Managementool canbetakenin futurework. Any of theseextensionsvouldincrease
the functionality and overall usability of the SearchManagementool in real world

cases.
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