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Volumetrianodel®f cavesystemareo(en usedn hydrogeologitudiesn karstterrains.
Onemeansgf generatinthesanodelssthroughtheuseof cavesurveylatawhichdescribe
theaccessibdtenbfthecaveasvellagheroughdimensionsNde&négonlyfourpointsNof
crossectionalongheway.)ese dimensionareo(en takenin amannethatdoesotac-
curatelydescrib¢he cave.Previoustudieplacemediarerroraroundt!$*. )is study
examinethe developmendf aso(waretool to analyz@assaggossectionandpropose
techniqueto signi&cantlgeducesrror. In astudyof 1%individualcrossectionghe so(-
warefoundamean®f measuringactthatwouldreducesalculatedrrorto e+ectivel§*
basean sketchesf the crossection.Furthermoreit wasfoundthat for the!%passages
studiedthefourpointsshouldnostikelybeinterpreteasde&ninghelengthandwidth of

arectanglgsopposetb theverticesf aquadrilateralr theaxeofanellipse.
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Karstaquifersgharacterizely a capacityor self-developmeandself-organization(en de-
velopn carbonatstrataasaconsequenoéthehydrogeologaycléKlimchoukandrFord #$$3$).
Suchaquiferswhenuncon&nedjostat least$* of the worldOsxploredave¢Palmer!, ,!;
Worthingtonetal. #$$3$).Askarsterraingepresenipto #$* of the EarthGandaregPalmer,
1,,1), anystudyofthecavethereimmaygrantinsighinto majorhydrogeologandspeleogenetic
processes.

Karstcanform andoperatdoth nearthe surfaceandin deep-seatexhvironmentsin the
lattercasehestructureexistsvithoutanysurfaceepresentatioor input (KlimchoukandFord,
#$$3$),whilein the formercasethereis interactionasOnearlgll majorsurfacéarstfeatures
owetheir originto internaldrainagesubsidencandcollapsériggeredy the developmeruf
underlyingcaves@almer!,,!).  As near-surfadearstactsasa rapid sink for incomingwa-
ter, karstterrainso(en exhibitdepressezbilproductivitylimited groundwateavailabilityre-
ducedyroundwatequalityandanabundancef subsidendeaturesiese e+ectganbehighly
localNOdramatidi+erenceis the functioningof karstiandscapeistacrossmalldistancesO
(Aley #$$3%) Accuratgortrayalsfthesubsurfaandits cavearerequiredor thedevelopment
of responsiblandusepractices.

Accuratesurveysf cavem karstregionsarethuscruciafor bothlandmanagemeandsci-
enti&epurposesMostcommonlycavesremeasureby establishingseriesf points(Osurvey
stations@roughoutheexplore@xtenfthecave)ese arereferencetb eactotherbythree
metricsdistancegzimuthandinclinationalltakenwhilefacingnto thecaveAt leasbnestation
islocateautsideandde&nedvith theassistanacdaGP Seceivelese dataalonearesu-cient
to producea Osticknap @hichtraceshe exploredspinefbthe cavdrom stationto station.In
orderto produceaproperplan-viever three-dimensionadapofthecavethelocatiorofitswalls
relativeo its spinemustbedetermined)is iso(en accomplishealith justfour measurements
ateactsurvewtation:)e distancée(, Right,Up,andDownfromthestationto thecavevall.

)ese dataareo(en abbreviate®01 (andcanbeusedo creat@seriesfroughcrossections



of thecavateactsurvetation tOthenpossibléo creat@anapproximateolumetrienodebf
thecavéyintegratingpetweemacktrossection.

Passagerossectionsanbeusedo calculatpaleodischarge,inferspeleogenetontrols
oncavénceptiorandmorphologyandto estimatagiversystemPsidstorageolumeSasowsky
andBishop#$$"). Howeverthejumpfrom./01 to crossectionsnot straightforwardargely
dueto the limitationsof representingomplexassagaorphologiewith only four pointsin
spacdn #$$", SasowslandBishogonductednOempiricatudyofconduitradiakross-section
determinatiomndrepresentatiomethods @itimatelyconcludinghattheselectionfamethod
bywhichto convert/01 datainto two dimensionadectionslid signi&cantlg+ecsubsequent
analysed thecave.

Forinstanceghreemmediat®ptiongFig.! ) presenthemselve# quadrilateralonnecting
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allthepointsasverticesarectanglefared. +/) < (0 + 1),andanellipsefared x -

0 J; 1 Eaclrepresentationill givedi+erentarea$or agiversetof ./01 valuesandthuseach

representationill produceadi+erenimediarerrorin agivercave.
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Figurd: Possiblenethod®f determiningavepassaggossectionsCavesurveyorgenerally
takefour measurementgjownas./01 data(Le(, Right,Up, Down),at eachsurvestation.
)ese four pointsarethenusedo createa polygorthat roughlyapproximatethe shapef the

passagEigureadaptedrom SasowslkgndBishop#$$").

SasowslandBishofd#$$")alsexaminethedi+erencbetweetaser-measuraaidvisually-

estimated01 dataandfoundthat surveyoreendedo overestimatey anaveragef #™* for



allmeasurementsgardlessf the actuabistanceWhile Ogrossaccurategdichestimatesere
judgedpodior analyticalseandfarbelowtypicakurvegtandards)@s, forasurveyo bean-
alyticallyusefulit mustemploynanuaimeasuremerasalldistancegis mandatésespecially
problematigvhensurveyingully-saturatedavesystemastheamouniof timethatcanbespent
collectinglatais limited by the amountof breathablgascarriedby the divergKincaid #$$$).
Dueto thisconstraintmost/01 datafromunderwatesurveyareestimated.
Whenaccuratd01l measuremenigereakenguadrilateratectangulagndellipticakrep-
resentationgeldednediarerrorsof -'4*, -II*  and+!$* respectivelyn thisinstancenter-
pretingthesurveyd®1 dataasaserie®f quadrilateralwouldgrosslynisrepresetie cave.
Howeverthisisonlynecessarityuefor this particulaicaveandsurvestationlayout.)e  way
to bestepreserdnarbitrarypassagsstill anopenquestionandonewhichwasanticipatedy

SasowslkandBishop#$$"):

OBecausenduitshapeesultgrom suchfactorsaslithologystructureandhydro-
logichistoryiit followsthat certaincavesvill bemoreaccuratelyepresentelly [a
giverstrategyl]lit mightbepossible futureworkto quantifythise+ecbystudying

errorpresenin passagesdi+erenrocktypeshydrologiorigin,etc.O

)is papeexploremeansfimprovingheaccuracgf cavesurveym light of Sasowsland

Bishop@dings.
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Twovariablegoverrtheaccuracgf agivennterpretatiorof ./01 data:)e originofthemea-
surementandthemethodfpassagepresentatiodasowslkandBishog#$$") onlyaddressed
the latter,astheyused&xedstationlocationgrom a previousurveyln orderto examindoth
variablesoncurrentlyacomputeprogramQOptin/01 OQwasdevelopetb exhaustivelna-
lyzeimagesr sketchesf arbitrarycrossections.

Optim./01 worksby readinga blackandwhiteimageof a passageisssection.In the

imageeachwhitepixelrepresentnesquareinit of voidspaceyhilenon-whitepixelgepresent



thesurroundindpedrock)e total numberof white pixeldstakenasthe actuatrossectional
areafthesketchegassag®ptim./01 theniterate®verthevoidspacesalculating01 data
fromtheperspectivef eaclpointin theplaneofthecrossection)is dataisusedo &ndcross
sectionadreagvith eachofthethreerepresentationquadrilateratectangulagndelliptical.

Byusingthecalculatedata Optim./01 &ndghemagnitudef errorfor eactof thethree
representatiomgeverypointonthesketch)is dataisthenpresentedsabotharawdatabase,
andasasurfacevith colorgepresentindi+erenterrormagnitudesOverlayinghe surfacento
theoriginaimageevealthemeasuremeldcationshatproduceéhegreatesiccuracwhilethe
databasallowdor astatisticahnalysisf the suitabilityof eachrepresentation.

)e ultility ofthisapplicatiomstestedyapplyingt to theoriginadatacollectedySasowsky
andBishog#$$"). Asin theirstudythelaser-basdtpoint measuremerdseconsideretb be
theactuatrossectionadreaOptim./01 isusedo analyzeactof SasowskandBishop@%

stationswith theresultbeingcomparetb thoseoundin thethatstudy.

R$%. #%

SasowskgndBishopDataset

FiguretshowsrossectionsfeactsurvegtatiorexaminetlySasowskandBishog#$3$"). For
thepurposesf thisstudytheareade&nedythe!" lasemeasuremeritsconsideretb bethe
actuabreafthepassage.

)e distributionof errorfor eachnterpretationspresentedsFigure3. )e averagefeach
station®sediarerrorwas"$*, -#$*, and-35* respectivelpr quadrilateratectangulagnd
ellipticarepresentationge averagef eactstation@sinimumabsoluterrorwast,*, $*, and
3* foreachrespectivenethod.

Asseeln Figures,in nocasdidanon-outlyingjuadrilateraheasuremefallwithin !1$* of
theactuameasuremerRectangulanterpretationgntheotherhand produceaneasurements
indistinguishablieom the actualvaluefor everysinglestation with '# of thosemeasurements

fallingbetweethe set@sediarandthird quartile Ellipticalrepresentatiopsoduced# values



16 points 4 points
St. # (Hexadecagon) As Quadrilateral As Rectangle As Ellipse
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Figure#: A listof SasowslagndBishop@survestationsn ScottHollow Cavejndicatinghe
originof themeasurementswellasquadrilateratectangulagndellipticalrepresentatiors
eaclpassagkigureadaptedrom SasowslkandBishopg#3$3$").
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Figure3: A visualsummaryof the distributionof errorfor eachrepresentatiomethod(Q:
QuadrilateralR: RectangulaE: Elliptical)acrosgachpassageéutliersarenot shown.)e
shadebBardemarcatdeintervafrom-!$* to+!$*, whichwadoundbySasowslkandBishop
(#$3%") to bethe mediarerrorfor rectangulaandellipticalrepresentatiorsd cavegpassagés
ScottHollow Cave)e presencefdatapointsinsidetheshadedegiorfor everysinglestation
indicateshepotentiato signi&cantlgutperfornmcurrentsurveyingiethods.

thatfellat$* error,but eachwaswellabovehethird quartile.Furthermorethethird quartile

alwaysccurredbelowthe-!$* errorthresholdor ellipticakepresentations.

Tolerancdor Sketchinaccuracy

Optim./01 alsanalyzedsetofdeformedmagewhichwerederivedromatraceghotograph

of akarstkeyholgFig." ). All of theresultingsurfacesmdicatecpeaksn accuracin the same

relativdocationsevenwhenthe sketchwasreducedo its mostbasielementsNa&ircleanda

rectangleis resiliencevagresentvith allthreerepresentations.



Influence of Sketch Inaccuracy
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Figure: Handlingof distortedinput sketcheslmage(a) wastracedrom a photograptof a
Okeyholgiassagandthendistortecandreducedo yieldsub&gurds c,andd. e consistent
relativedistributionof errorindicateshat the methodthat Optim./01 employss robustand
allowslecomposintavesto basienorphologicomponent©nly therectangulasurfacesre
shownpthermethod&xhibitedsimilarlyminimalalteration.
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)e survewtudiedySasowslgndBishopoutperformethe mediarerrorin thedatathat Op-
tim./01 generated'4/-!!/+1$*  vs.-"$/-#3$/-35*) regardlesgrepresentatiofis indicates
thatthesurveyorsereausingareasonableuristido determinesurvegtationplacementiow-
evertheaveragminimumerrorghatOptim./01 found(#,/$/3*) arefarsuperioto theerror
in theoriginaktudy)us, it shouldpossibléo reliablyoutperfornturrentsurveyingechniques
byincludingOptim./01 in pre-surveplanning ltOsisuabutput,shownn Figures, isgener-
atedquicklyandiseasjo understandsreerareas Optim./01 Osutputindicatesurvegtation
placementsatwouldreducebsoluterrorto lesshan%?*. FromtheselatajtOsleathatquadri-
lateramodelsrenot appropriatéor representinipecrossectionadreafthestudiegpassages.
)is method@®@ssilienceo inaccuracies sketche@ig.' ) suggesthatalibraryof common
passagaorphologiesouldbecompiledandprocesseshmasse producekeldguide®f best
practicem variousype®ofcavesis goalvouldbeaidedythefactthatcavebaveprototypical
morphologielsasedntheirspeleogenegavironment.

)e resiliencalscensure®ptim./01 doesotrequireperfectlyepresentativsketchem
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Figuret: AnnotateccompositeutputfromOptim./01 forapassage Goliath@aveFillmore
County,Minn. Idealsurvestationplacemerdndrepresentatiomethodsareimmediatelap-
parentanysEatioriocatedn agreemegiorwill outperformhemediarsurverrorin Sasowsky
andBishop@gudy.
orderto beof use asurveyocouldquicklymovehroughtheareasfinterestnotetheirgeneral
morphologyandcheckhemwith Optim./01 beforahefull survegommence$e so(ware
couldalsdeadaptedo run onahandheldtomputefor interactiveiseduringasurvey.

WhileOptim./01 iscertainlysefuk priori, it doehaveapplication® completegdurveys.
ForinstanceQptim./01 canbeusedasanauditingtool. )is canbeaccomplishelly taking
alaserange&ndeo ahandfulof survestationspbtaininghighqualityrepresentatiorts the
crossectionsandthenexamininghe currentstationplacemerin thecontexiof Optim./01 Os
suggestionslowevemmostsigni&cantlyhesamerocessanbeappliedn orderto determina
probablenarginof errorwhichcanthenbecorrecteavithouttherequiringasystento beresur-
veyed.

)is projecisfoundationain addressingasowskgndBishop@alifor quanti&cationf Oer-
rorspresenin passagesdi+erentocktypeshydrologiorigin,etc,@ndprovidesdirectmeans

bywhichto signi&cantiseducerrorin paseandfuturesurveyg-urthermoreheresulthatrect-



angularepresentatiomanachieveearlyzercerrorin everypassagtudiedsuggestbat,unlike
SasowslgndBishop®@snclusioreight-poinsurveymaynot benecessaagall.

Oneconcernvithapproachingsurveyith Optim./01 isthatit maysuggegtiacingurvey
stationsn mid-airwherehereareno physicaiarkerso sightor referencee simplessolu-
tion isto conductastandargtickmapsurveybut alsorecordaseparat€/01  originGateach
station.)e ./01 origincouldbede&nedelativeo the classisurvestationwith theaidof a
protractorand&berglagape.)e decouplingf eactsurvestation@sitieswouldensurehat
thebesipossiblécationsreselectetbr representinigoththe accessibéxteniof thecaveand
itsgeneralolumetrigroperties.

Nevertheleskyintelligentlyselectingpointfromwhichto take./01 measurementsd
amannebywhichto represerthem theaccuracgf cavesurveysanbesigni&cantlynproved.
Andwith improvedurveysomamprovegaleodischargad2uidstoragealculationgswell

asanimprovedinderstandingf speleogenetontrolson cavenceptiorandmorphology.

A25"16,$/7$8%"#%

| oweasincer&lebtof gratitudeto the membersf the CarletonGeologylepartmentor their
supporandencouragemeadin particularto myadvisor£r. MarySavinandDr. Cameron
Davidsonin additionDr. IraD. Sasowslatthe Universityof Akron wasextremelpccommo-
datingn providingherawdatacollectedh supporofthe SasowslandBishopaperWithout
hiscontribution this projectwouldnot havebeerpossibleLastlythis projectproducedising
only FreeandOpenSourceso(ware.l amthereforeggratefufor the countlestoursthat indi-
vidualvolunteerbavecontributedhefollowingprojectsPythonR,SQLite)e GNU Image
ManipulatiorPrograminkscapandthelATEX typesettingystem.

)is documenticensedinderthe termsof the CreativeCommongAttribution 3.$United
Stated icenseYouareexpressiyermittedo limitlesslyeproducenodify,distribute andcre-
atederivativavorksfrom this documensolongasproperattributionandnoticeof licensere

preserveagsperthetermsof theabovdicense.



R$9$-$"2$%

Aley,T., #$$$ Waterandland-us@roblemsn area®f conduitaquifersiz Klimchouk,A.B.,

Ford,D.C.,PalmerA.N.,andDreybrodt\V., eds.Speleogenedisiolutionof karstaquifers,
NationalSpeleologic8bcietyp.'%!D'%'.

Kincaid,T.R. #$$$Mappingandmodelinghe morphologyf underwatecaves the Taurus
Mountains;z Proceedingd the Underwate6ciencandTechnologMeeting Middle East
TechnicaUniversityAnkara Turkey.

KlimchoukA.B.,andFord D.C. #$$3$,Typeof karstandevolutiorof hydrogeologgetting
Klimchouk A.B.,Ford,D.C.,PalmerA.N.,andDreybrodtWV., eds.Speleogenedis/olution
of karstaquiferd\ationalSpeleologic8bcietyp.'4D43.

PalmerA.N.,!,,!, Originandmorphologyf limestoneavesGeologicabocietyf America
Bulletin,v.!$3, p.'D#!.

SasowsklyD.,andBishopM.R. #$$",Empiricaktudyof conduitradialcross-sectiatetermi-
nationandrepresentatiomethod®n cavernousmestongorositycharacterizatiodournal
of CaveandKarstStudiesy."%p.!3$D!3".

Worthington,S.R.H.Ford,D.C.,andBeddowsR.A. #3$3$$ Porosityandpemeabilitgnhance-
mentin uncon&nedarbonataquifergsaresultof solution;z Klimchouk A.B.,Ford,D.C.,

PalmerA.N., andDreybrodt\W., eds. Speleogeneskvolutionof karstaquifersNational
Speleologic8bcietyp."3D'5#.



A:$"/3; A:Sl.-2$ Cl/$ 9I- O:#38,-/

Optim./01 wadgevelopedsinghePythormprogrammintanguageersio#.4 andthePython
Imagingd.ibrary(PIL) version.l.". ItOsourceoddsasfollows:

#1/bin/env python
Opti MLRUD Anal ytical Cave Survey Tool
Copyright (c) 2008 Dan Cal |l ahan

This programis rel eased under the ternms of the MT License.

from__future__ inport division
fromos.path i nport basenane, splitext
i mport | nmage, |nageCol or

i mport nunpy

import nath

i mport csv

def anal yze(i ngPat h):
O0Anal yze an image and wite data files to the current fol der. GO0
i m= | mage. open(i ngPat h)
I ruds = getLruds(im

funcs = (areaQuad, areaRect, areaElip)
for func in funcs:
base = & O joi n((splitext(basenane(ingPath))[0],
func. __name__[4:].1ower()))
csvnane = OO joi n((base, O csvQ)
i mame = @0 j oi n((base, O png0)

errs = getErrors(lruds, func)

csv.witer(open(csvname, OwbO)).witerows(errs)
pai ntError (i mcopy(), errs).save(imane)

def getLR(px, X, y):
O0CcCal cul ate Left and Right values froma given image and origi nO00O

I, r =x, x

while px[I-1, y] == (255, 255, 255):
I -=1

while px[r+1, y] == (255, 255, 255):
r +=1

return (I, r)

def getUD(px, X, y):



def

def

def

def

OO0Cal cul ate Up and Down val ues froma given i mage and ori gi nOOO
u, d=y, vy

while px[x, u-1] == (255, 255, 255):
u-=1

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

return (u, d)

areaQuad(x, y, I, r, u, d):

OGCFi nd quadrilateral area for a given origin and set of LRUD measuresOGO0

# NE + SE + SW + NW - Overlap

return float(\

(.5*(r - x+1) *(y-u+1l)) +\
(.5* (r-x+1) *(d-y+1) +\
(.5* (x -1 +1) * (d-y+ 1) +\
(5* (x- 1 +1) *(y-u+1)-\
(r -1 +1) - (d-u+ 1))
areaRect (x, y, |, r, u, d):

OOGFi nd rectangul ar area for a given origin and set of LRUD neasuresO00
# Length * Width)
return float((d - u + 1) * (r - | + 1))

areaElip(x, y, |, r, u, d):

OOCGFind el liptical area for a given origin and set of LRUD measuresO00
# pi*X*Y where X and Y are semimajor/semiminor axes

return float(math.pi * ((r - I +1) / 2) * ((d- u+ 1)/ 2))

getLruds(im:

OGCFi nd LRUD val ues for every white pixel in a given i mageG00
px = imload()

a = nunpy. zeros((i msize[0], imsize[l], 6), int)

results =[]

# 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
I, r = None, None
for y in xrange(imsize[1]):
I, r = None, None
for x in xrange(imsize[0]):
if px[x,y] == (255, 255, 255):
if not(l and r):
I, r

get LR(px, X, V)

a[XY y' 0]

1
x

a[x,y, 1]

1
<



a[x,y,2] =1
a[x,y,3] =r
el se:
I, r = None, None
# UD Scan

u, d = None, None
for x in xrange(imsize[0]):
u, d = None, None
for y in xrange(imsize[1]):
if px[x,y] == (255, 255, 255):
if not(u and d):
u, d = getUD(px, X, Yy)

a[x,y, 4]

a[XY y' 5]

resul ts. append(a[x,y].tolist())
el se:
u, d = None, None

return results

def getErrors(lruds, areaFunc):
OOCFind area calculation errors for a given data set and functi onGOO
area = len(lruds)
results =[]
for (x, y, I, r, u, d) in lruds:
resul ts. append((x, y, (areaFunc(x, y, |, r, u, d)/area) - 1))

return results

def getErrorCol ors():
OO0Returns a list of discrete colors for representing error 000
colors =[]
for i in xrange(241): # 241 = range from 120 (green) to 360 (red)
col ors. append( | mageCol or. getrgb(Chsl (%, 100984 50989 O % (120 + i)))

return colors

def paintError(im errlist):
OO0Pai nts a heatmap of error val ues onto an i mageGO0
px = imload()
col ors = getErrorCol ors()
nuncol ors = len(colors) - 1
for (x, y, e) inerrlist:
if abs(e) > 1:
px[ X, y]
el se:

(255, 0, 0)

px[X,y] = colors[int(nuncolors * abs(e))]

return im



