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Volumetricmodelsof cavesystemsareo(en usedin hydrogeologicstudiesin karstterrains.

Onemeansof generatingthesemodelsisthroughtheuseof cavesurveydatawhichdescribe

theaccessibleextentofthecave,aswellastheroughdimensionsÑde&nedbyonlyfourpointsÑof

crosssectionsalongtheway.)ese dimensionsareo(en takenin amannerthatdoesnotac-

curatelydescribethecave.Previousstudiesplacemedianerroraround±!$*. )is study

examinesthedevelopmentof aso(waretool to analyzepassagecrosssectionsandpropose

techniquesto signi&cantlyreduceerror. In astudyof !%individualcrosssections,theso(-

warefoundameansof measuringeachthatwouldreducecalculatederrorto e+ectively$*

basedon sketchesof thecrosssection.Furthermore,it wasfoundthat for the!%passages

studied,thefourpointsshouldmostlikelybeinterpretedasde&ningthelengthandwidthof

arectangle,asopposedto theverticesof aquadrilateralor theaxesof anellipse.
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Karstaquifers,characterizedbyacapacityfor self-developmentandself-organization,o(en de-

velopincarbonatestrataasaconsequenceofthehydrogeologiccycle(KlimchoukandFord,#$$$).

Suchaquifers,whenuncon&ned,hostat least,$* of theworldÕsexploredcaves(Palmer,!,,!;

Worthingtonetal.,#$$$).Askarstterrainsrepresentupto #$* of theEarthÕslandarea(Palmer,

!,,!), anystudyofthecavesthereinmaygrantinsightintomajorhydrogeologicandspeleogenetic

processes.

Karstcanformandoperatebothnearthesurface,andin deep-seatedenvironments.In the

lattercase,thestructureexistswithoutanysurfacerepresentationor input (KlimchoukandFord,

#$$$),whilein the formercase,thereis interactionasÒnearlyall majorsurfacekarstfeatures

owetheir originto internaldrainage,subsidence,andcollapsetriggeredbythedevelopmentof

underlyingcavesÓ(Palmer,!,,!). As near-surfacekarstactsasa rapidsinkfor incomingwa-

ter,karstterrainso(en exhibitdepressedsoilproductivity,limitedgroundwateravailability,re-

ducedgroundwaterquality,andanabundanceof subsidencefeatures.)ese e+ectscanbehighly

localÑÒdramaticdi+erencesin thefunctioningof karstlandscapesexistacrosssmalldistancesÓ

(Aley,#$$$).Accurateportrayalsof thesubsurfaceanditscavesarerequiredfor thedevelopment

of responsiblelandusepractices.

Accuratesurveysof cavesin karstregionsarethuscrucialfor bothlandmanagementandsci-

enti&cpurposes.Mostcommonly,cavesaremeasuredbyestablishingaseriesof points(Òsurvey

stationsÓ)throughouttheexploredextentof thecave.)ese arereferencedto eachotherbythree

metrics:distance,azimuth,andinclination,alltakenwhilefacingintothecave.At leastonestation

islocatedoutsideandde&nedwith theassistanceofaGPSreceiver.)ese dataalonearesu-cient

to produceaÒstickmap,ÓwhichtracestheexploredÒspineÓof thecavefromstationto station.In

ordertoproduceaproperplan-vieworthree-dimensionalmapof thecave,thelocationof itswalls

relativeto itsspinemustbedetermined.)is iso(en accomplishedwith justfourmeasurements

ateachsurveystation:)e distanceLe(, Right,Up,andDownfromthestationto thecavewall.

)ese dataareo(en abbreviatedÒ./01 ,Óandcanbeusedto createaseriesof roughcrosssections



#

of thecaveateachsurveystation.ItÕsthenpossibleto createanapproximatevolumetricmodelof

thecavebyintegratingbetweeneachcrosssection.

Passagecrosssectionscanbeusedto calculatepaleodischarge,to inferspeleogeneticcontrols

oncaveinceptionandmorphology,andtoestimateagivensystemÕs2uidstoragevolume(Sasowsky

andBishop,#$$").However,thejumpfrom./01 to crosssectionisnotstraightforward,largely

dueto the limitationsof representingcomplexpassagemorphologieswith only four pointsin

space.In #$$",SasowskyandBishopconductedanÒempiricalstudyofconduitradialcross-section

determinationandrepresentationmethods,Óultimatelyconcludingthattheselectionofamethod

bywhichto convert./01 datainto twodimensionalsectionsdidsigni&cantlya+ectsubsequent

analysesof thecave.

Forinstance,threeimmediateoptions(Fig.! ) presentthemselves:A quadrilateralconnecting

allthepointsasvertices,arectangleofarea(. + / ) × (0 + 1),andanellipseofarea! × . + /
2 ×

0 + 1
2 . Eachrepresentationwill givedi+erentareasfor agivensetof ./01 values,andthuseach

representationwill produceadi+erentmedianerrorin agivencave.

RectangularQuadrilateral Elliptical

Figure!: Possiblemethodsof determiningcavepassagecrosssections.Cavesurveyorsgenerally
takefour measurements,knownas./01 data(Le(, Right,Up, Down),at eachsurveystation.
)ese four pointsarethenusedto createapolygonthat roughlyapproximatestheshapeof the
passage.FigureadaptedfromSasowskyandBishop(#$$").

SasowskyandBishop(#$$")alsoexaminedthedi+erencebetweenlaser-measuredandvisually-

estimated./01 dataandfoundthatsurveyorstendedto overestimatebyanaverageof #"* for



3

allmeasurementsregardlessof theactualdistance.WhileÒgrosslyaccurate,Ósuchestimateswere

judgedÒpoorforanalyticaluse,andfarbelowtypicalsurveystandards.Ó)us, forasurveytobean-

alyticallyuseful,it mustemploymanualmeasurementsofalldistances.)is mandateisespecially

problematicwhensurveyingfully-saturatedcavesystems,astheamountof timethatcanbespent

collectingdatais limitedbytheamountof breathablegascarriedbythedivers(Kincaid,#$$$).

Dueto thisconstraint,most./01 datafromunderwatersurveysareestimated.

Whenaccurate./01 measurementsweretaken,quadrilateral,rectangular,andellipticalrep-

resentationsyieldedmedianerrorsof -'4*, -!!*, and+!$* respectively.In thisinstance,inter-

pretingthesurveyÕs./01 dataasaseriesof quadrilateralswouldgrosslymisrepresentthecave.

However,thisisonlynecessarilytruefor thisparticularcaveandsurveystationlayout.)e way

to bestrepresentanarbitrarypassageisstill anopenquestion,andonewhichwasanticipatedby

SasowskyandBishop(#$$"):

ÒBecauseconduitshaperesultsfromsuchfactorsaslithology,structure,andhydro-

logichistory,it followsthatcertaincaveswill bemoreaccuratelyrepresentedby[a

givenstrategy].It mightbepossiblein futureworktoquantifythise+ectbystudying

errorspresentin passagesof di+erentrocktypes,hydrologicorigin,etc.Ó

)is paperexploresmeansof improvingtheaccuracyof cavesurveysin lightof Sasowskyand

BishopÕs&ndings.

M$#4!/%

Twovariablesgoverntheaccuracyofagiveninterpretationof ./01 data:)e originof themea-

surements,andthemethodofpassagerepresentation.SasowskyandBishop(#$$")onlyaddressed

thelatter,astheyused&xedstationlocationsfromaprevioussurvey.In orderto examineboth

variablesconcurrently,acomputerprogram,ÒOptim./01 ,Ówasdevelopedto exhaustivelyana-

lyzeimagesorsketchesof arbitrarycrosssections.

Optim./01 worksby readingablackandwhiteimageof apassageÕscrosssection.In the

image,eachwhitepixelrepresentsonesquareunit of voidspace,whilenon-whitepixelsrepresent
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thesurroundingbedrock.)e totalnumberof whitepixelsistakenastheactualcrosssectional

areaof thesketchedpassage.Optim./01 theniteratesoverthevoidspace,calculating./01 data

fromtheperspectiveof eachpoint in theplaneof thecrosssection.)is dataisusedto &ndcross

sectionalareaswith eachof thethreerepresentations:quadrilateral,rectangular,andelliptical.

Byusingthecalculateddata,Optim./01 &ndsthemagnitudeof errorfor eachof thethree

representationsateverypointonthesketch.)is dataisthenpresentedasabotharawdatabase,

andasasurfacewith colorsrepresentingdi+erenterrormagnitudes.Overlayingthesurfaceonto

theoriginalimagerevealsthemeasurementlocationsthatproducethegreatestaccuracy,whilethe

databaseallowsfor astatisticalanalysisof thesuitabilityof eachrepresentation.

)e utility of thisapplicationistestedbyapplyingit to theoriginaldatacollectedbySasowsky

andBishop(#$$").Asin theirstudy,thelaser-based!"-point measurementsareconsideredto be

theactualcrosssectionalarea.Optim./01 isusedto analyzeeachof SasowskyandBishopÕs!%

stations,with theresultsbeingcomparedto thosefoundin thethatstudy.

R$%.,#%

SasowskyandBishopDataset

Figure#showscrosssectionsofeachsurveystationexaminedbySasowskyandBishop(#$$").For

thepurposesof thisstudy,theareade&nedbythe!" lasermeasurementsisconsideredto bethe

actualareaof thepassage.

)e distributionof errorfor eachinterpretationispresentedasFigure3. )e averageof each

stationÕsmedianerrorwas-"$*, -#$*, and-35* respectivelyfor quadrilateral,rectangular,and

ellipticalrepresentations.)e averageofeachstationÕsminimumabsoluteerrorwas#,*, $*, and

3* for eachrespectivemethod.

Asseenin Figure3,in nocasedidanon-outlyingquadrilateralmeasurementfallwithin!$* of

theactualmeasurement.Rectangularinterpretations,ontheotherhand,producedmeasurements

indistinguishablefrom theactualvaluefor everysinglestation,with !# of thosemeasurements

fallingbetweenthesetÕsmedianandthird quartile.Ellipticalrepresentationsproduced!# values
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Figure#: A listof SasowskyandBishopÕs!%surveystationsin ScottHollowCave,indicatingthe
originof themeasurements,aswellasquadrilateral,rectangular,andellipticalrepresentationsof
eachpassage.FigureadaptedfromSasowskyandBishop(#$$").
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Figure3: A visualsummaryof the distributionof error for eachrepresentationmethod(Q:
Quadrilateral,R: Rectangular,E: Elliptical)acrosseachpassage.Outliersarenot shown.)e
shadedbardemarcatestheintervalfrom-!$* to+!$*, whichwasfoundbySasowskyandBishop
(#$$") to bethemedianerrorfor rectangularandellipticalrepresentationsof cavepassagesin
ScottHollow Cave.)e presenceof datapointsinsidetheshadedregionfor everysinglestation
indicatesthepotentialto signi&cantlyoutperformcurrentsurveyingmethods.

that fell at$* error,but eachwaswellabovethethird quartile.Furthermore,thethird quartile

alwaysoccurredbelowthe-!$* errorthresholdfor ellipticalrepresentations.

Tolerancefor SketchInaccuracy

Optim./01 alsoanalyzedasetofdeformedimageswhichwerederivedfromatracedphotograph

of akarstkeyhole(Fig.' ). All of theresultingsurfacesindicatedpeaksin accuracyin thesame

relativelocations,evenwhenthesketchwasreducedto its mostbasicelementsÑacircleanda

rectangle.)is resiliencewaspresentwith allthreerepresentations.
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Figure': Handlingof distortedinput sketches.Image(a) wastracedfrom aphotographof a
ÒkeyholeÓpassage,andthendistortedandreducedto yieldsub&guresb,c,andd. )e consistent
relativedistributionof errorindicatesthat themethodthat Optim./01 employsis robustand
allowsdecomposingcavesinto basicmorphologiccomponents.Onlytherectangularsurfacesare
shown;othermethodsexhibitedsimilarlyminimalalteration.

D3%2.%%3!"1"/ C!"2,.%3!"%

)e surveystudiedbySasowskyandBishopoutperformedthemedianerrorin thedatathatOp-

tim./01 generated(-'4/-!!/+!$* vs.-"$/-#$/-35*) regardlessofrepresentation.)is indicates

thatthesurveyorswereusingareasonableheuristicto determinesurveystationplacement.How-

ever,theaverageminimumerrorsthatOptim./01 found(#,/$/3*) arefarsuperiorto theerror

in theoriginalstudy.)us, it shouldpossibleto reliablyoutperformcurrentsurveyingtechniques

byincludingOptim./01 in pre-surveyplanning.ItÕsvisualoutput,shownin Figure4, isgener-

atedquicklyandiseasytounderstand.Greenareasin Optim./01 Õsoutputindicatesurveystation

placementsthatwouldreduceabsoluteerrorto lessthan%*.Fromthesedata,itÕsclearthatquadri-

lateralmodelsarenotappropriatefor representingthecrosssectionalareaof thestudiedpassages.

)is methodÕsresilienceto inaccuraciesin sketches(Fig.' ) suggeststhatalibraryof common

passagemorphologiescouldbecompiledandprocessedenmasseto produce&eldguidesof best

practicesin varioustypesofcaves.)is goalwouldbeaidedbythefactthatcaveshaveprototypical

morphologiesbasedontheirspeleogeneticenvironment.

)e resiliencealsoensuresOptim./01 doesnot requireperfectlyrepresentativesketchesin
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Figure4:AnnotatedcompositeoutputfromOptim./01 forapassagein GoliathÕsCave,Fillmore
County,Minn. Idealsurveystationplacementandrepresentationmethodsareimmediatelyap-
parent;anystationlocatedin agreenregionwill outperformthemediansurveyerrorin Sasowsky
andBishopÕsstudy.

orderto beof use;asurveyorcouldquicklymovethroughtheareasof interest,notetheirgeneral

morphology,andcheckthemwith Optim./01 beforethefull surveycommences.)e so(ware

couldalsobeadaptedto runonahandheldcomputerfor interactiveuseduringasurvey.

WhileOptim./01 iscertainlyusefula priori, it doeshaveapplicationsto completedsurveys.

For instance,Optim./01 canbeusedasanauditingtool. )is canbeaccomplishedbytaking

alaserrange&nderto ahandfulof surveystations,obtaininghighqualityrepresentationsof the

crosssections,andthenexaminingthecurrentstationplacementin thecontextof Optim./01 Õs

suggestions.However,mostsigni&cantly,thesameprocesscanbeappliedin orderto determinea

probablemarginoferror,whichcanthenbecorrectedwithouttherequiringasystemto beresur-

veyed.

)is projectisfoundationalin addressingSasowskyandBishopÕscallforquanti&cationofÒer-

rorspresentin passagesofdi+erentrocktypes,hydrologicorigin,etc,Óandprovidesadirectmeans

bywhichtosigni&cantlyreduceerrorin pastandfuturesurveys.Furthermore,theresultthatrect-
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angularrepresentationscanachievenearlyzeroerrorin everypassagestudiedsuggeststhat,unlike

SasowskyandBishopÕsconclusion,eight-pointsurveysmaynotbenecessaryatall.

OneconcernwithapproachingasurveywithOptim./01 isthatit maysuggestplacingsurvey

stationsin mid-air,wheretherearenophysicalmarkersto sightor reference.)e simplestsolu-

tion isto conductastandardstickmapsurvey,but alsorecordaseparateÒ./01 originÓateach

station.)e ./01 origincouldbede&nedrelativeto theclassicsurveystationwith theaidof a

protractorand&berglasstape.)e decouplingof eachsurveystationÕsdutieswouldensurethat

thebestpossiblelocationsareselectedfor representingboththeaccessibleextentof thecaveand

itsgeneralvolumetricproperties.

Nevertheless,byintelligentlyselectingapoint fromwhichto take./01 measurements,and

amannerbywhichto representthem,theaccuracyof cavesurveyscanbesigni&cantlyimproved.

Andwith improvedsurveyscomeimprovedpaleodischargeand2uidstoragecalculations,aswell

asanimprovedunderstandingof speleogeneticcontrolsoncaveinceptionandmorphology.

A25"!6,$/7$8$"#%
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Optim./01 wasdevelopedusingthePythonprogramminglanguage,version#.4,andthePython
ImagingLibrary(PIL) version!.!.". ItÕssourcecodeisasfollows:

#!/bin/env python

ÓÓÓ

Opt i mLRUD Anal yt i cal  Cave Sur vey Tool

Copyr i ght  ( c)  2008 Dan Cal l ahan

Thi s pr ogr am i s r el eased under  t he t er ms of  t he MI T Li cense.

ÓÓÓ

f r om __f ut ur e__ i mpor t di v i s i on

f r om os. pat h i mpor t basename, spl i t ext

i mpor t I mage, I mageCol or

i mpor t numpy

i mpor t mat h

i mpor t csv

def anal yze( i mgPat h) :

ÓÓÓAnal yze an i mage and wr i t e dat a f i l es t o t he cur r ent  f ol der . ÓÓÓ

i m = I mage. open( i mgPat h)

l r uds = get Lr uds( i m)

f uncs = ( ar eaQuad, ar eaRect , ar eaEl i p)

f or f unc i n f uncs:

base = Õ- Õ. j oi n( ( spl i t ext ( basename( i mgPat h) ) [ 0] ,

f unc. __name__[ 4: ] . l ower ( ) ) )

csvname = ÕÕ. j oi n( ( base, Ó. csvÓ) )

i mname = ÕÕ. j oi n( ( base, Ó. pngÓ) )

er r s = get Er r or s( l r uds, f unc)

csv. wr i t er ( open( csvname, ÓwbÓ) ) . wr i t er ows( er r s)

pai nt Er r or ( i m. copy( ) , er r s) . save( i mname)

def get LR( px, x, y) :

ÓÓÓCal cul at e Lef t  and Ri ght  val ues f r om a gi ven i mage and or i gi nÓÓÓ

l , r = x, x

whi l e px[ l - 1, y] == ( 255, 255, 255) :

l - = 1

whi l e px[ r +1, y] == ( 255, 255, 255) :

r += 1

r et ur n ( l , r )

def get UD( px, x, y) :
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ÓÓÓCal cul at e Up and Down val ues f r om a gi ven i mage and or i gi nÓÓÓ

u, d = y, y

whi l e px[ x, u- 1] == ( 255, 255, 255) :

u - = 1

whi l e px[ x, d+1] == ( 255, 255, 255) :

d += 1

r et ur n ( u, d)

def ar eaQuad( x, y, l , r , u, d) :

ÓÓÓFi nd quadr i l at er al  ar ea f or  a gi ven or i gi n and set  of  LRUD measur esÓÓÓ

# NE + SE + SW + NW - Overlap

r et ur n f l oat ( \

( . 5 * ( r - x + 1) * ( y - u + 1) ) + \

( . 5 * ( r - x + 1) * ( d - y + 1) ) + \

( . 5 * ( x - l + 1) * ( d - y + 1) ) + \

( . 5 * ( x - l + 1) * ( y - u + 1) ) - \

( r - l + 1) - ( d - u + 1) )

def ar eaRect ( x, y, l , r , u, d) :

ÓÓÓFi nd r ect angul ar  ar ea f or  a gi ven or i gi n and set  of  LRUD measur esÓÓÓ

# Length * Width)

r et ur n f l oat ( ( d - u + 1) * ( r - l + 1) )

def ar eaEl i p( x, y, l , r , u, d) :

ÓÓÓFi nd el l i pt i cal  ar ea f or  a gi ven or i gi n and set  of  LRUD measur esÓÓÓ

# pi*X*Y where X and Y are semimajor/semiminor axes

r et ur n f l oat ( mat h. pi * ( ( r - l + 1) / 2) * ( ( d - u + 1) / 2) )

def get Lr uds( i m) :

ÓÓÓFi nd LRUD val ues f or  ever y whi t e pi xel  i n a gi ven i mageÓÓÓ

px = i m. l oad( )

a = numpy. zer os( ( i m. s i ze[ 0] , i m. s i ze[ 1] , 6) , i nt )

r esul t s = [ ]

# Make two passes over the image, one caching LR values, the other UD.

# Direct array access and assignment profiles faster than using slices.

# LR Scan

l , r = None, None

f or y i n xr ange( i m. si ze[ 1] ) :

l , r = None, None

f or x i n xr ange( i m. si ze[ 0] ) :

i f px[ x, y] == ( 255, 255, 255) :

i f not ( l and r ) :

l , r = get LR( px, x, y)

a[ x, y, 0] = x

a[ x, y, 1] = y
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a[ x, y, 2] = l

a[ x, y, 3] = r

el se:

l , r = None, None

# UD Scan

u, d = None, None

f or x i n xr ange( i m. si ze[ 0] ) :

u, d = None, None

f or y i n xr ange( i m. si ze[ 1] ) :

i f px[ x, y] == ( 255, 255, 255) :

i f not ( u and d) :

u, d = get UD( px, x, y)

a[ x, y, 4] = u

a[ x, y, 5] = d

r esul t s. append( a[ x, y] . t ol i s t ( ) )

el se:

u, d = None, None

r et ur n r esul t s

def get Er r or s( l r uds, ar eaFunc) :

ÓÓÓFi nd ar ea cal cul at i on er r or s f or  a gi ven dat a set  and f unct i onÓÓÓ

ar ea = l en( l r uds)

r esul t s = [ ]

f or ( x, y, l , r , u, d) i n l r uds:

r esul t s. append( ( x, y, ( ar eaFunc( x, y, l , r , u, d) / ar ea) - 1) )

r et ur n r esul t s

def get Er r or Col or s( ) :

ÓÓÓRet ur ns a l i s t  of  di scr et e col or s f or  r epr esent i ng er r or ÓÓÓ

col or s = [ ]

f or i i n xr ange( 241) : # 241 = range from 120 (green) to 360 (red)

col or s. append( I mageCol or . get r gb( Óhsl ( %i , 100%%, 50%%) Ó % ( 120 + i ) ) )

r et ur n col or s

def pai nt Er r or ( i m, er r l i s t ) :

ÓÓÓPai nt s a heat map of  er r or  val ues ont o an i mageÓÓÓ

px = i m. l oad( )

col or s = get Er r or Col or s( )

numcol or s = l en( col or s) - 1

f or ( x, y, e) i n er r l i s t :

i f abs( e) > 1:

px[ x, y] = ( 255, 0, 0)

el se:

px[ x, y] = col or s[ i nt ( numcol or s * abs( e) ) ]

r et ur n i m


