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1 Intr oduction

The maingoal of several researchesis monitoringthe territory, with differentsurvey techniquesandanal-
ysismethods.Many survey methodologiesmaybeappliedto study3Dimensionalvariation;generallythe
choicedependson the applicationfor which the survey is asked, the sizeof the area,the accuracy andso
on. Frequentlya quick andeconomicalapproachshouldrepresentsan usefulstrategy to gain land metric
knowledge.Moreover, theknowledgeof theterritorydependson theapplicationthatneedsit.

A typical applicationis braidedriver analysis.The main featuresof a braidedriver is theexistenceof
morethanonechannelcontributing to �o w andsedimenttransport(�g. 1). Suchchannels,separatedby
depositionareascalled bars,are in continuousmotion due to bed and bank scourduring �oods of even
moderateintensity. So, it' s possibleto observe abandonmentor merging of old channels,creationof new
channel,or simplyshifting of channelsin the�oodplain. Dueto therapidandstrongchangesin streampat-
terns,braidedriversposedif�cult problemsof riverregulationandmanagement.To investigatetheprocesses
thatcontrol themorphodynamicsof braidednetworks,�uvial geomorphologistsandengineerspreliminary
needadetailedsurvey.

Aerial photogrammetry, laseraltimetryandsatellitehigh resolutionimagesprocessingarerecentlyused
to produceDigital TerrainModelsof wide braidedriver at a high spatial(1x1 m point spacingor less)and
temporal(event-based)resolution.However, suchsurvey methodsareusefulprimarily for thedry portion
of the�oodplain; thus,whenwehaveto dealwith submergedzones,or whenthedimensionsof theareaare
notwideenough,a groundsurvey hasto beusedto �ll in suchareas.

To reproducethemainshapesandfeaturesof a braidedriver, i.e. thepositionandentity of deposition
anderosionzones,detailedgroundsurveys areusuallyperformed.Obviously a completeandonerous�eld
datacollectionsis needed,but economizethecostsof thesurvey increasethefrequency monitoring;in this
way it is possibleto gaina betterdescriptionof themorphology'sevolution.

In the presentwork we investigatehow optimizethe topographicsurvey, in the senseof reducingthe
numberof topographicpoints that we have to survey, understandingwhich kind of topographicdataare
neededto betterreproducesuchcomplex surface.

TestsarebasedondifferentsyntheticDigital TerrainModel(DTM), principallyrepresentingaschematic
braidedriver and its characteristics(section2.1). Exporting transversalcross-sectionsand/orbreak-lines
from suchsurface,we testdifferentinterpolatingmethodspresentedin the opensourceandfree software
GeographicalInformationSystem(GIS)GRASS5.3,in differentsurvey simulations(sections2.3and2.4).
Notethata crucial featureof thesurfacethatwe try to reproduce,is its stronganisotropy in differentdirec-
tions,dueto thepresenceof differentbut importantdirectionsof thewater�o wing onsuchsurface.

A comparisonis neededwith asoftwareusedin thehydraulicengineeringpractice,HEC-RASsoftware,
startingfrom signi�cant transversalsectionsof thesyntheticDTM (section2.5).

Comparingtheinterpolatingmethodswith differentkind of data,quantityandtheir spatialdistribution,
we pointout few andverysimplesuggestions.
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Figure1: View of ashortreachof abraidedriver: theBorberaRiver (Italy). [Water�o ws from left to right]

2 How to reproducea braided ri ver DTM?

Themaingoalof thepresentwork is to optimizea topographicsurvey in thesenseof how many pointsand
which distribution is necessaryfor a goodrepresentationof themorphologyof a particulargeometry:the
braidedriver.

In otherwords,thequestionis: is it betterto survey pointson a regulargrid, transversalcrosssections,
longitudinalpro�les of themainchannelsand/orbreak-lines(linesof strongslopechanges,i.e. well-de�ned
channelbanks)?And whichspatialdensityis needed?Theanswerobviouslydependsonthe3D geometryof
theterritory (morphology),but alsoonwhichparticularcharacteristicsof theterritorywewantto represents
that directly dependson the applicationfor which the Digital Terrain Model (DTM) will use. It' s also
important to understandif, in the speci�c application,is more important to reproducethe shapeof the
territory with a densedatasetor observe few pointsin strategic area.Lastbut not least,theanswerto the
previousquestionsdependon theinterpolatingmethodusedto createtheDTM.

A DTM is a mathematicalinstrumentsthat allow to representnumericallyevery surface. The terrain
representationof a surfacemaybedoneby differentdataset:contourlines,sparseelevationpointsor raster
�le characterizedby anelevationassociatedateverypixel. Notethat,adiscretizationis alwayspresenteven
if thepoint/pixel densityis high. Hence,whenwe have to investigatethesurfacemodelon differentpoints
or with differentspacing,we haveto carryoutelevationsdatathroughmathematicalestimatealgorithms.

The interpolatingalgorithmsmay be basedon deterministicor stochasticmodels. In a deterministic
model,the relationbetweentwo nearpointsis expressedby anexplicit law; instead,in a stochasticmodel
thein�uence of differentpointsis expressedby astatisticparameter(covariance).Moreover, aninterpolator
maybeglobalor local if all thedataor only thenearestdata,respectively, areusedto createthemodel.The
global methodsareuseful to individuatethe generaldatatrend; instead,the local methodsusuallyfollow
bettertheundulationsof thesurface.

In GRASS5.3 the InverseDistanceSquaredWeighting (IDW) andRegularizedSpline with Tension
(RST)areavailable[5,6]; moreoverkriging methodmaybeusedtoo, interfacingGRASSwith theR geosta-
tistical software.

Kriging is a geostatisticalinterpolationmethodthathasprovenusefulandpopularin many �elds, espe-
cially in caseof irregularlyspaceddata.An importantcomponentof thekriging methodis thevariogram;it' s
estimationis thecrucialpoint of theprocedure.This methodis very important,sowe cannotneglectto in-
terpolateobserveddatawith it but, for thesamereason,it is necessaryto testthekriging with anappropriate
analysis.

Thus,by now, wewill focusedourattentionon inversedistanceweightandspline.In thenearfuturewe
will analysekriging too.

In generalnoneinterpolatoris betterthan the others,but it dependson the observed dataandon the
shapeto reproduce.Moreover, thequalityof theinterpolationalsodependson theuser'sexperience;in fact
theparameter'ssettingmaybevery importantwhensurfaceanddatasetarenot optimal: roughsurfaceand
sparsedata.
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2.1 Synthetic DTM

We investigatedandstudieda procedurestartingfrom two syntheticDTMs representative of a �oodplain,
characterizedby constantslope,in which thefollowing riversarecut respectively:
- asimplebraidedriverwith trapezoidalcross-section(�g. 2),
- astraightsingle-channelriverwith semicircularcross-section(�g. 3).

Figure2: 3D view of thesyntheticbraidedriverDTM. [Water�o ws from up to down]

Figure3: 3D view of thesyntheticDTM representingastraightsingle-channelriverwith semicircularcross-
section.[Water�o ws from up to down]

A syntheticDTM hasthe advantageto be characterizedby a geometrysimplerthanin nature,but, at
thesametime, reproducessomeimportantfeaturesof a realmorphology. Hence,the�rst DTM reproduces
schematicallythreemainfeaturesof abraidedriver: abifurcationof onechannelin two, acon�uenceof two
channelin one,andthepresenceof adepositionzone,calledbar, insideachannel(in thestraightdownstream
channelin our DTM); in thesecondDTM we wantedto reproducethefact that thebedof a naturalriver is
usuallynot �at, andthatthebanktoe,thepoint that identify theendof thechannelbankandthebeginning
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of thechannelbed(thatin thefollowing we call “wet break-line”),is oftennoteasyto identify.
Duringouranalysis,suchsyntheticsurfacesrepresentthereality.
A crucial featureof all the two syntheticsurfacesthat posesproblemsfrom the interpolatingpoint of

view, is their stronganisotropy, dueto the presenceof a main �oodplain slopeandso of a main direction
of the water �o wing on suchsurface. Many interpolatorsare able to take into accountanisotropy, but
usuallyanisotropy hasto beuniformover thewholeinterpolationarea.Hence,whenyou have to reproduce
a braidedriver, whereevery channelmovesin differentdirections,you arenot able to setan anisotropy
parameterbecauseit is impossibleto identify a uniqueanisotropy direction.

Moredif�culties arisewhenyou haveto reproducea braidedriver, dueto thefactthat:
- their dimensionsarenot verysizeable,i.e. channeldepthmaybejust 1 m andchannelwidth maybe10m
or less,
- thewidth to depthratio is an importantparameterfor their morphodynamicevolution, henceit hasto be
reproducedcarefully,
- usuallyeverychannelis characterizedby a differentaveragebedslope.

Moreover, in thespeci�c applicationof braidedriver, it' s moreimportantto reproducetheshapeof the
surfacethantheaccuracy of theinterpolatedDTM. In fact,thesurveyeddatamayhaveanerrorequalto the
averagegrainsizeof thesediments,that for a braidedriver like theBorberaRiver (�g. 1) is of theorderof
10cm, i.e. 10%of thechanneldepth.Hence,theacceptedinterpolationerrorcouldbeof suchorder.

2.2 Procedure in GRASSand error evaluation

The input dataconsistin a syntheticDTM asdescribedin sect. 2.1. ThesyntheticDTM wascreatedby a
spreadsheetgiving a valueof elevation to every cell. In this way we createda matrix of valueswe could
import in GRASSasa raster�le by the commandr � in � ascii. Then,becausewe neededthe 3Dimensional
coordinatesof everypixel in a �le, we transformedtherastermapinto a sitesmapby r � to � sites.

To simulatethedatasurvey, we extractedfrom suchsites�le thepointscorrespondingto cross-sections
and/orbreak-lines,transformingtheGRASSsites�le in anasciioneby s� out � ascii andthenusinga proper
FORTRAN programto extract theseriesof pointswe need.With this procedurewe obtainedtheobserved
dataof a realsurvey thatwe importedin GRASSby s� in � ascii, andbeganto elaborate.

We tried to re-createthe original syntheticsurfacethrougha spatialinterpolation. GRASS5.3 offers
two interpolationtechniques:InverseDistancesquaredWeighting(IDW) with thecommands� surf � idw and
RegularizedSplinewith Tension(RST)with thecommands� surf � rst. Wetestedbothof themandoptimized
theparametersin functionof theinput data,estimatingthedifferencesbetweentheoriginal surfaceandthe
interpolatedones.

Sometimesthe good quality of an interpolation,if evident, can be evaluatedthrougha qualitatively
comparisonbetweenthereferencesurfaceandtheinterpolatedone.Anyway, theerror is usuallyquanti�ed
by meansof numericalcomparisonof everypixel of theinterpolatedsurfacewith thecorrespondingpixel of
the referenceone. However, whenthereferencesurfaceis closeto beverticalandthe interpolatedsurface
reproducewell thebehavior but, for example,it is slightly shiftedplanimetrically, theerrorevaluatedthrough
a simpleverticaldifferenceof every pixel is not representative of theinterpolationquality (�g. 4). For this
reason,theminimumdistancefrom everypixel of theinterpolatedsurfaceto thereferencesurfacehasto be
calculated.

Weperformedthiscalculationin GRASSusingr � mapcalc, averyusefulcommandthatpermitsto create
new rastermapby applyingmathematicaloperationsto oneor moreexisting rastermaps.We createa new
rastermap,theerrormap,assigningto apixel thevaluecorrespondingto theminimumdistancebetweenthe
pixel valueof theinterpolatedrasterandthevaluesof 25 pixelsof thereferencerasteraroundtheresulting
cell. Error is positive if the referencevalueis higherthanthe interpolatedone,andvice versa.Obviously,
theamplitudeof theareaatwhichyouhave to applytheminimumdistanceresearchdependson thesurface
shape.

In thenext sectionwetry to testtheinterpolationmethodsimplementedin Grass,inversedistanceweight
andspline,with differentsyntheticDTMsanddifferentdatasets.Wetry tounderstandwhichcriteriawehave
to follow to selectinterpolationmethodandsettingparametersvalue,in orderto obtainagoodinterpretation
of realsurface.
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Figure 4: Sketchshowing the differencebetweenerrorsestimatedby calculatingvertical distanceor by
searchingminimumdistance.

2.3 InverseDistanceWeighting

TheInverseDistanceWeighting(IDW) methodis aweightedaverageinterpolator. Dataareweightedduring
interpolationsuchthat the in�uence of onepoint relative to anotherdeclineswith distancebetweenthem.
Theweightsassignedto thedatapointsarefractions,andthesumof all theweightsis equalto 1.0.

Weightingis assignedto datausinga weightingpower thatcontrolshow theweightingfactorsdropoff
asdistancefrom a grid nodeincreases.Thegreatertheweightingpower, the lesseffect pointsfar from the
grid nodehave during interpolation. As the power increases,thegrid nodevalueapproachesthe valueof
thenearestpoint. For a smallerpower, theweightsaremoreevenlydistributedamongtheneighboringdata
points.

Theequationusedfor InverseDistanceto a Power is:

zj
�
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�
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i j

å n
i � 11

�

db
i j

� (1)

where:
zj is theinterpolatedvaluefor grid node j,
zi aretheneighboringpoints,
di j is thedistancebetweenthegrid nodej andtheneighboringpoint i,
n is thenumberof pointsto usefor theinterpolation,
b is theweightingpower.
Theresultingsurfacedependson theweightingpowerandon theparametern.

IDW is oneof thesimplestandmostreadilyavailablemethod.Moreover, it is very fast. It hasalsothe
advantageto restrictthespatialin�uence of any errors,but it hasthedisadvantageto generate“bull' s eyes”
patternsof concentriccontoursaroundthesurveyeddata.Furthermore,this modeldoesn't take into account
a possibleanisotropy of thesurface.

2.3.1 Application of IDW in GRASS

In GRASS5.3thecommandto performsurfaceinterpolationfrom sitesdataby InverseDistanceWeighting
is s� surf � idw [5,6].
This programallows theuserto usea GRASSsitelist �le asinput,andcreatea raster�le asoutput.
Theweightingpower is �x ed,equalto 2.
The parameterthat the usercanmodify is npoints, i.e. the numberof points to usefor interpolation. Its
default valueis 12,andit' s notpossibleto setavaluegreaterthanthedefault one.

2.3.2 Application on syntheticbraided ri ver DTM

We analysedIDW interpolationstartingfrom thesyntheticbraidedriverDTM, keepingthedefault valueof
theparameternpoints.

Becauserivertopographicdatausuallysurveyedaretransversalcross-sections,weimportedsitesrelative
to differenttransversalcross-sectionsandinterpolatedthem.

In the�rst survey thatwe performed,thedistancebetweentwo 'surveyed' cross-sectionswas6 m (= 20
pixels)while thedistancebetweentwo following pointsin a cross-sectionwas0.3m (= 1 pixel).
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Figure5: Positionof the'surveyed' cross-sections[black lines]andof threesigni�cant sections[white lines]
on thesyntheticbraidedriverDTM. Thedistancebetweentwo 'surveyed' cross-sectionis 6 m (= 20pixels)
while thedistancebetweentwo following pointsin a cross-sectionis 0.3m (= 1 pixel).

Figure6: Comparisonbetweeninterpolatedandreferencevaluesalongthelongitudinalsection(A-A) onthe
�oodplain of thesyntheticbraidedriverDTM with IDW. [Thedistancebetweentwo 'surveyed' sectionsis 6
m (= 20pixels)while thedistancebetweentwo following pointsin across-sectionis 0.3m (= 1 pixel).]

To analysethe outcomeDTM, we extractedthreesectionsas indicatedin �gure 5: the longitudinal
section(A-A) on the�oodplain, thetransversalsection(B-B) in correspondenceof thestraightdownstream
reach,and the transversalsection(C-C) in correspondenceof the centralbar in the straightdownstream
reach.And we comparedtheinterpolatedvalueswith thesyntheticones.

If you look at �gure 6 you may noticethat the constantslopeplanewasreproducedasa sequenceof
steps,i.e. areaof constantelevationfrom thetransversalwheelbaseof onesection(k) andthepreviousone
(k-1) to the transversalwheelbaseof suchsection(k) andthe following one(k+1). It happensbecausethe
elevationof apixel locatedbetweenthesectionk andthetransversalwheelbaseof thesectionsk andk+1,for
example,dependsonly on theelevationof theclosest12sitesthatall belongto thesectionk. If you look at
�gures 7 and8, youmaynoticethattheshapeof thesectionsin thestraightreachwasquitewell reproduced
but movedall up or down dependingon thepositionof the interpolatedsectionrelatedto thesectiondata.
This behavior is dueto theexcessivedataanisotropy, toodensein thetransversaldirection.

To overcomethis problemwe tried to survey lesspointsalongonecross-section.Hence,in this second
survey thedistancebetweentwo 'surveyed' sectionswasalways6 m (= 20pixels)while thedistancebetween
two following pointsin a cross-sectionwas1.5m (= 5 pixels).

In �gure 9 is reportedthelongitudinalsection(A-A) relative to thiscasecomparedwith thecorrespond-
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Figure 7: Comparisonbetweeninterpolatedand referencevaluesalong the transversalsection(B-B) in
the straightdownstreamreachof the syntheticbraidedriver DTM with IDW. [The distancebetweentwo
'surveyed' sectionsis 6 m (= 20 pixels)while thedistancebetweentwo following pointsin a cross-section
is 0.3m (= 1 pixel).]

Figure 8: Comparisonbetweeninterpolatedand referencevaluesalong the transversalsection(C-C) in
the straightdownstreamreachin correspondenceof the centralbar with IDW. [The distancebetweentwo
'surveyed' sectionsis 6 m (= 20 pixels)while thedistancebetweentwo following pointsin a cross-section
is 0.3m (= 1 pixel).]

ing syntheticdata.Notethattheinterpolationgavebetterresultscomparedto �gure 6. However, if you look
at �gures 10and11anoverall verticaltranslationof interpolatedcross-sectionspersists.

In �gure 12 is reportedtheerrordistribution relative to theDTM interpolatedfrom this lastsurvey. On
the �oodplain theerroroscillatesbetween+0.22m and-0.22m, while in thechanneltheaverageis about
-0.3m but it mayreach0.6-0.8m (60%-80%channeldepth)closeto thebanksor in correspondenceof the
centralbar, i.e. wherethetopographychangesmorerapidly.

It seemsthat IDW shouldwork betterif datapointsaredeprivedof their trend,that in our application
correspondsto themeanslopeof the �oodplain. But it is not easyin a naturalbraidedriver becauseevery
channelis characterizedby its own slope.

Then,we performeda third survey, takingdataon a regulargrid 6 m x 6 m (= 20x20pixels). Theerror
distribution (�g. 13) is worsealmosteverywherein thechannels(> 0.6 m, i.e. 60%channeldepth)except
for circularareaaroundthedatasites,whatit' s calledthe“bull' seyes”pattern,typical of IDW.

Instead,if the 'surveyed' dataareon a denseregular grid with spacing0.9 m x 0.9 m (= 3x3 pixels),
theerrordistribution is optimal,mostlylower than0.03m (3%channeldepth),of theorderof 0.25m (25%
channeldepth)in correspondenceof slopechanges,andwith somelocalizedpeaksor craters(�g. 14).

Summarizing,IDW interpolatorneedsa hugeamountof data,on a regular grid if possible,also to
reproducea regularstraightchannel;andthis is not a realisticconditionif you want to survey a reachof a
braidedriverwith groundtechniques.We con�rmed whatsuggestedby Neteler& Mitasova (2002),p. 166:
IDW is usefulwhenthedatadensityis higherthanthedensityof theresultinggrid points.
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Figure9: Comparisonbetweeninterpolatedandreferencevaluesalongthelongitudinalsection(A-A) onthe
�oodplain with IDW. [The distancebetweentwo 'surveyed' sectionsis 6 m (= 20 pixels)while thedistance
betweentwo following pointsin across-sectionis 1.5m (= 5 pixels).]

Figure10: Comparisonbetweeninterpolatedandreferencevaluesalongthe transversalsection(B-B) of
thestraightreachwith IDW. [The distancebetweentwo 'surveyed' sectionsis 6 m (= 20 pixels)while the
distancebetweentwo following pointsin across-sectionis 1.5m (= 5 pixels).]

Figure11: Comparisonbetweeninterpolatedandreferencevaluesalongthetransversalsection(C-C)of the
straightreachin correspondenceof thecentralbarwith IDW. [Thedistancebetweentwo 'surveyed' sections
is 6 m (= 20pixels)while thedistancebetweentwo following pointsin across-sectionis 1.5m (= 5 pixels).]
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Figure12: Errordistribution [m] of DTM interpolatedwith IDW from sites,whenthedistancebetweentwo
'surveyed' sectionsis 6 m (= 20 pixels)while thedistancebetweentwo following pointsin a cross-section
is 1.5m (= 5 pixels). [Crossesindicatesthe'surveyed' points.]

Figure13: Errordistribution[m] of DTM interpolatedwith IDW from sites,whenboththedistancebetween
two 'surveyed' sectionsandthedistancebetweentwo followingpointsin across-sectionis 6 m (= 20pixels).
[Crossesindicatesthe'surveyed' points.]
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Figure14: Errordistribution[m] of DTM interpolatedwith IDW from sites,whenboththedistancebetween
two 'surveyed' sectionsandthedistancebetweentwo followingpointsin across-sectionis0.9m (= 3 pixels).

2.4 Spline

A splineis asmoothcurvede�nedmathematicallyby two or morepointscalledknots.Thetermcomesfrom
thesplinegadgetusedby shipbuildersto draw smoothshapes.A splinetakestheshapewhichminimizesthe
energy requiredfor bendingit betweenthe�x edpoints,andthusadoptthesmoothestpossibleshape.

Theimportantcharacteristicof splinefunctionsis thatthey arepiecewisepolynomialfunction:different
polynomialsmaybeusedin differentpartsof acurve. A signi�cant advantageof this approachis thatit can
follow a large,complex curveby usinglow degreepolynomials.

Differenttypesof splineexist, dependingon thepolynomialdegree[1,2]. A functionSis calledaspline
of degreek if:

1. Thedomainof Sis aninterval � a � b�

2. S� S�

� � � � � S�

k � 1� areall continuousfunctionson [a, b]
3. Thereareknotsti suchthata � t0 �

t1 �

� � � andsuchthatSis a polynomialof degreeatmostk on
eachsubinterval � ti � ti � 1 � .
The assumptionthat the interpolationfunction shouldbe assmoothaspossibleis mathematicallyex-

pressedby theconditionthatthesumof thedeviationsfrom themeasuredpointsandthesmoothnesssemi-
normof thesplinefunctionF � r 	 hasto beminimum:

n

å
i � 1




zi �

F � r i 	


 2wi �

w0 


F



2
� minimum� (2)

where:
zi is theinterpolatedvaluefor grid nodei,
r i is thediscretepoint wherethephenomenonis measured,
wi , w0 arepositiveweights,




F



is theseminormof thesplinefunction,andit mayassumedifferentexpression[1,2,3].
The simplicity of representationandthe easewith which a complex spline's shapemay be computed

make splinea popularrepresentationfor curvesin computerscience,predominantlyin computergraphics
but alsofor otherkindsof interpolations.
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Figure15: Sketchof RST interpolationresultswith high/low tensionandsmoothingequalor not to zero.
[The dottedline representsthedatatrend.]

2.4.1 Application of Spline in GRASS

In GRASStheregularizedsplinewith tension(RST)methodis used[3,4]. TheRSTfunction includesthe
sumof all derivativesup to in�nity with rapidlydecreasingweights,sothattheresultingsurfacehasregular
derivativesof all order. Moreover, a tensionparameterappears,hencethe surfacecanbe tunedfrom an
“elasticmembrane”to a “thin steelplate”.

Thecommandto performsurfaceinterpolationfrom sitesby regularizedsplinewith tensionis s� surf � rst.
Usercande�ne many parameters,the principal onesare: tension, smoothing, npmin, segmax, theta and
scalex. In thefollowing, we will underlinesomecharacteristicsof suchparameters[5,6].

Smoothingallowsthesurfaceto deviatefrom thedatapointsin its effort to minimizeits energy. Instead,
theinterpolationfunctionpassesexactly throughtheobserveddataif smoothingis setto zero.
Thedefault smoothingvalueis equalto 0.1,henceanapproximationis allowed. Notethatsmoothingmay
beusefulfor removing thenoisewhichmaybepresentin observeddata.
In our applicationswe alwaysimposedsmoothingequalto zero,assumingthatthevaluesof datapointsare
exact.

Tensionparameter, asalreadysaid,tunesthesurfacefrom an“elasticmembrane”to a “thin steelplate”.
High tension“increasesthedistances”betweenpoints,soreducestherangeof impactof eachpoint. Surface
with toohigh tension(for example=160)behaveslike a membranewith peakor pit in eachgivenpoint and
everywhereelsethe surfacegoesrapidly to trend. Low tension“decreasesthe distances”betweenpoints,
hencethe points in�uence eachotherover longerrange. Surfacewith too low tension(for example=10)
behaveslike a stiff platehardto bend,hencea verysmoothsurface.
The default tensionvalueis equalto 40, but suchvaluehasto be modi�ed dependingon the shapeof the
surfaceyouwantto describe.
A sketchexplainingthedifferentbehavior of tensionandsmoothingparametersis reportedin �gure 15.

For processingof largedatasets,whicharecommonin geosciences,asegmentationalgorithmwith �e x-
ible sizeof overlappingneighborhoodis available.Theideaof segmentationprocessingis basedon thefact
that, for largedataset,thebehavior of the interpolationfunction is local: this meansthat the interpolation
function in somelimited areais not sensitive to dataat somesuf�ciently distantpoint. Moreover, segmen-
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Figure16: Error distribution [m] of DTM of thesyntheticbraidedriver interpolatingwith RSTfrom sites,
when the distancebetweentwo 'surveyed' sectionsis 6 m (= 20 pixels) while the distancebetweentwo
following pointsin across-sectionis 1.5m (= 5 pixels). [Crossesindicatesthe'surveyed' points.]

tation limits computationaldemands.Hence,the interpolatedareamay be divided into a regular meshof
rectangularsegments[4,5,6]with sizedependenton thedensityof datapointsandde�ned by theparameter
segmax. In particular, segmaxde�nes themaximumnumberof pointsper segment,so segmentationpro-
cessingis activatedonly if thenumberof givenpointsis largerthansegmax. Interpolationis performedon
eachsegmentof theregion, usingthesamefunctionfor all grid pointswithin a segment.This fact implies
thateachsegmenthasto includeuniform data,hencesegmaxdependson thesurfaceto reproduceandon
datadensity. In section2.4.2theeffectof wrongsettingof segmaxis showed.

To ensurethesmoothconnectionof segments,valuesof theinterpolationfunctionin agivensegmentare
computedusingthepointsfrom this segmentandfrom theneighboringones.Thenumberof pointstaken
for interpolationis controlledby the parameternpmin, the valueof which mustbe obviously larger than
segmax.Npmin is a crucialparameterin orderto obtaininterpolatedsurfaceof goodquality. In fact,npmin
mustbe large enoughto let representingthe surfacetrend,but not too large in ordernot to losethe local
charactertypical of spline.
Thedefault valueof segmaxandnpminarerespectively 40and300.

RST methodis also able to take into accountanisotropy with the parameterstheta and scalex, the
anisotropy angleandtheanisotropy scalingfactorrespectively. Anyway, in a braidedriveryou arenot able
to identify an uniqueanisotropicdirection, henceno anisotropicparametershave to be set (theta=0and
scalex=1).

2.4.2 Application on syntheticbraided ri ver DTM

We beganlooking at thebehavior of RSTin comparisonwith IDW interpolatingbetweentransversalcross-
sectionsdistanteachother6 m ( = 20pixels),with pointsin across-sectiondistant1.5m (= 5 pixels),aswe
have alreadydoneusingIDW interpolator(see�g. 12). Thecalculationwasperformedwith default values
of tension,segmaxandnpmin,andnoanisotropicfactors.

Theerrors(�g. 16) variesfrom 1.1m to approximately-1 m, exceptfor thedownstreamboundaryzone
wheretheerrorreaches-3 m. In thestraightchannelthe interpolationworksprettywell: theerror is lower
than5 cm(5%channeldepth)with peaksof about30cm(30%channeldepth)alongthebreak-lines.Instead,
in thereachfrom thebifurcationto thecon�uencetheerrorsalongthebreak-linesaremorehigh,up to 1 m
(100%channeldepth),andin�uence awiderarea,sothatthechannelwidth is badreproduced.
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Figure17: Error distribution [m] of DTM of thesyntheticbraidedriver interpolatingwith RST from data
pointsalongthebreaklines,only. [Crossesindicatesthe'surveyed' points.]

However, comparing�gure 16 with �gure 12, we may statethat RST methodworks betterthanIDW
methodin theapplicationwe aredealingwith andsurveying sitesalongcross-sectionsnot toodense.

Wetheninvestigatedadifferentapproachof datasurvey, takingthedry andwetbreak-lines,i.e. thelines
thatidentify thetransversalslopechangebetween�oodplain andthechannelbank,andbetweenthechannel
bankandthechannelbed,respectively. Break-linesarecomposedby 1 pointeverypixel alongtheline. The
interpolationwasperformedwith highervaluesof tension(=100),default valuesof segmaxandnpmin,and
noanisotropicfactors.Increasingtensionparameteris usefulin thisspeci�c calculationbecausethechannel
bedis �at andsotheinterpolatedsurface,tightenedbetweenthetwo wetbreak-lines,hasa betterbehavior.

In �gure 17theerrordistributionis reported.Noteboundaryeffectsin thefour cornersof theregion,and
how thesegmentationis visible. A 3D view of errordistribution in which segmentationeffectsareevident
(without boundaryeffects,becauserelative to an interpolationwe will discussin thefollowing) is reported
in �gure 18. We tried to modify thesegmaxvaluesoto reducethesegmentationeffect: we increasedit until
a numbergreaterthanthedatanumbersothattheinterpolatorcalculatesonefunctionfor thewholeregion,
andthenwedecreasedit until 1 sothattheinterpolatorcalculatesonefunctionfor everypixel, but insidethe
channelboth thesolutionswereworsethantheonewith default value. If default valueswereassumed,in
thestraightchanneltheerroris lower than7 cm(7%channeldepth),andin thebifurcation-con�uencereach
it is lower than16cm (16%channeldepth).

It seemsthat the river geometryis betterreproducedinterpolatingfrom dataalongdry andwet break-
linesthanalongcross-sectionsin this particularapplicationwherethebedchanneltopographyis �at. Note
thatsurveying only break-linesis fasterthansurveying densecross-sections.However, in a realapplication
wherebedtopographyis irregular, somecross-sectionsareneededin any case.

To remove boundaryeffects,we addeddatapointsalongtheregion boundariesandtheresultimproved
asin �gure 19. Errorsarelower than20cm(20%channeldepth)everywhere(< 5 cmon the�oodplain and
< 12 cm in thechannel),exceptfor localizedpeaksof about40 cm (40% channeldepth)betweenthedry
andwet break-linesin thesharpchangeof directionof thechannels,andfor thecentralbarareawhereno
observeddataexist. TheRSTparameterswerethesamethanin thepreviousinterpolation.In �gure 20 you
maynotethegoodcomparisonbetweentheerrordistributionalonganinterpolatedtransversalcross-section
in thestraightdownstreamreachandthecorrespondingsyntheticdata.

We then investigatedthe possibility to survey the only dry break-linesplus sometransversalcross-
sectionsto have informationson the channelshape.In fact, the wet break-linesaredif�cult to survey in
�eld, becausenotalwaysclearlyde�ned.
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Figure21showstheerrordistributioninterpolatingfrom datapointsalongthedry break-linesandcross-
sectionsevery 6 m (= 20 pixels), with points on a sectionevery 1.5 m (= 5 pixels). The result is not
satisfactoryat all insidethechannels,with errorsup to 20 cm (20%channeldepth)in thestraightchannel,
up to 40cm(40%channeldepth)alongthestraightchannelbanks,andalsogreaterthan1 m (100%channel
depth)in thebifurcation-con�uencereach.Instead,the�oodplain is well reproduced.

It seemsthat a goodinterpolatedsurfacecanbe obtainedsurveying both wet anddry break-linesand
somecross-sections,at leastin correspondenceof longitudinalslopechanges,wheresamehigh localized
errorsarise(�g. 22).

Figure18: 3D view of theerrordistributioninterpolatingwith RSTfrom datapointsalongbreaklines,region
boundaryandsomecross-sections.Segmentationeffectsareevident.

Figure19: Error distribution [m] of DTM of thesyntheticbraidedriver interpolatingwith RST from data
pointsalongthebreaklinesandtheboundaryof theregion. [Crossesindicatesthe'surveyed' points.]
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Figure20: Errordistributionalonganinterpolatedtransversalcross-sectionin thestraightdownstreamreach
comparedwith thecorrespondingsyntheticdata.Interpolationwasperformedwith RSTfrom dataalongdry
andwetbreaklinesandregionboundaries.

Figure21: Error distribution [m] of DTM of thesyntheticbraidedriver interpolatingwith RST from data
pointsalongthedry breaklinesandtransversalcross-sectionsevery6 m (= 20pixels).[Thedistancebetween
two following pointsin a cross-sectionis 1.5m (= 5 pixels).Crossesindicatesthe'surveyed' points.]



16 DTM of abraidedriver: how to reproduceit?

Figure22: Error distribution [m] of DTM of thesyntheticbraidedriver interpolatingwith RST from data
pointsalongthebreaklines,dry andwet,andsometransversalcross-sectionsin correspondenceof theslope
changes.[Crossesindicatesthe'surveyed' points.]

2.4.3 Application on straight single-channelri ver with semicircular cross-section

We then investigatedif RST works well whenthe channelbed is not �at in the transversaldirectionbut
assumesamorenaturalshape.

So, we focusedour attentionon the syntheticDTM representinga straightsingle-channelriver with
semicircularcross-section(�g. 3), and'surveyed' only transversalcross-sections.Thedistancebetweentwo
'surveyed' sectionswas6 m (= 20pixels)while thedistancebetweentwo following pointsin across-section
was0.3 m (= 1 pixel). Justto have an ideaof thephysicaldimensions,thechannelwidth is 11.4m (= 38
pixels)andthemaximumchanneldepthis 5.7m (= 19pixels).

We setsmooth=0,tension=40(i.e. thedefault value),no anisotropicfactors(to becongruentwith inter-
polationsshowed in sect. 2.4.2),segmax=2andnpmin =10. Segmaxwassetso low in orderto calculate
the spline function in every 2 pixels, henceto localize the interpolation;note that it waspossibledue to
themodestnumberof datapoints. Thevalueof npminwaschosenso that,whenwe interpolatein a point
betweentwo sections,suchpoint is in�uenced by pointsin both the sections,andmorewe arecloseto a
sectionthein�uence is strong.

This solutionis characterizedby errorsin generallower than80 cm, but localizederrorsgreaterthan1
m arepresent(�g. 23). Hencewetriedto increasenpminandtension,but thequalityof theinterpolationget
worsein bothcases.

We thentried to thin out pointsalongthesections(1 point every 1.5m = 5 pixels). Theerror increases
especiallycloseto thesections,parametersvaluesbeingequal,becauseonly 7 datapointsarepresentalong
a sectionin thechannel,hencedatapointson the �oodplain in�uence the interpolateddatain thechannel.
Becauselowernpminvaluesarenot reasonable,lower tensionvalue(= 10) improvestheresult.Theerroris
in generallower than35 cm, with localizedpeakscloseto thechannelbanks(�g. 24). Warningsappearif
you tried to lower thetensionmore.

Hence,it seemsthatRSTis ableto interpolatequitewell from transversalcross-sectionswith irregular
shapeif dataaresuf�ciently dense.However, a deeperanalysiswith morenaturalriver cross-sectionswill
beperformedin thenearfuture.
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Figure23: Error distribution [m] of DTM of thestraightriver with semicircularsectioninterpolatingwith
RSTfrom densedatapointalongtransversalcross-sections.Thedistancebetweentwo following pointsin a
cross-sectionis 0.3m (= 1 pixel). [Crossesindicatesthe'surveyed' points.]

Figure24: Error distribution [m] of DTM of thestraightriver with semicircularsectioninterpolatingwith
RSTfrom lessdensedatapointalongtransversalcross-sections.Thedistancebetweentwo following points
in across-sectionis 1.5m (= 5 pixels). [Crossesindicatesthe'surveyed' points.]
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2.5 HEC-RAS

In the hydraulicengineeringpractice,to performhydraulic calculationsin naturalrivers, the U.S. Army
Corpsof Engineers'sRiverAnalysisSystem(HEC-RAS)softwareis oftenused[7].
Suchsoftwarealsoallows to interpolatebetweensurveyedtransversalcross-sectiondata,in orderto repro-
ducethegroundsurfacein moredetailandsoto performmoreaccuratehydrauliccalculations.

Theinterpolatoris basedon a linearmodelasgraphicallydepictedin �gure 25. It consistsof linesthat
connectthecoordinatesof theupstreamanddownstreamcross-sections.

Five masterlines areautomaticallyattachedbetweenthe two cross-sections,in particularbetweenthe
endsof thecross-sections,thepointsidentifying themainchannelbanks(reddotsin �g. 25),andthemain
channelthalweg, i.e. the lower elevation point, in �gure 25 correspondingto 4 greenlines and1 red line
alongthechannelthalweg. Additionalmasterlinescanbeaddedto connectfeaturesthatit is known should
beconnected,asthelongitudinalbankin thehydraulicleft �oodplain in theexamplein �gure 25.

Minor linesaregeneratedautomaticallyby theinterpolationroutines,by takinganexistingcoordinatein
eithertheupstreamor downstreamsectionandestablishingacorrespondingcoordinateattheoppositecross-
sectionby eithermatchinganexisting coordinateor interpolatingone.Thecoordinatevalueat theopposite
cross-sectionis determinedby computingthedecimalpercentthat theknown coordinaterepresentsof the
distancebetweenmasterlinesandthenapplyingthatpercentageto theoppositecross-sectionmasterlines.
Thenumberof minor lineswill beequalto thesumof all thecoordinatesof theupstreamanddownstream
sectionsminusthenumberof masterlines.

Interpolationat any point in betweenthetwo sectionsis thenbasedon linear interpolationof theeleva-
tionsat theendsof themasterandminor lines.

Whenthegeometrybetweentwo surveyedcross-sectionsdoesnotchangelinearly, thentheinterpolated
cross-sectionswill notadequatelydescribetherealsurface.It happenswhenyouneedto interpolatebetween
cross-sectionsin correspondenceof con�uencesandbifurcations,as requiredstudyingeven the simplest
braidedriver. An exampleis reportedin �gure 26.

Figure25: Exampleof interpolationbetweentwo cross-sectionsof a natural(not braided)river with HEC-
RAS.Notetheleveeon thehydraulicleft �oodplain. [Water�o ws from up to down]

Figure26: Interpolationwith HEC-RASin correspondenceof acon�uence.[Water�o ws from up to down]
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3 Conclusions

A quick and economicalsurvey is investigatedto monitor the evolution of a braidedriver with ground
topographicsurvey. StartingfromsyntheticDTM, differentsurvey pointsanddifferentinterpolationmethods
aretestedin a didacticapproachto reproducethebraidedrivergeometry.

First of all, we testeda softwareusedin the hydraulicengineeringpractice,HEC-RAS,interpolating
from signi�cant transversalcross-sectionsof the syntheticbraidedriver DTM. And we found that HEC-
RAS softwareis not ableto interpolatein a reasonableway in presenceof con�uencesor bifurcations,i.e.
betweencross-sectionsof a braidedriver.

Hence,we startedapplying the simplestand most available interpolationmethod,InverseDistance
Weightmethod(IDW), to thesyntheticbraidedriver DTM throughGRASS5.3. But we endsup thatsuch
methodneedsahugeamountof data,onaregulargrid if possible,alsoto reproducearegularstraightchan-
nel. Becausethis is not a realisticconditionif you want to survey a reachof a braidedriver with ground
techniques,we lookedat Spline,RegularizedSplinewith Tension(RST)in particular.

We appliedRSTto thesamesyntheticbraidedriver DTM andobservedthat it works betterthanIDW
interpolatingfrom sitesalongcross-sections.In fact,RSTneedslesssectionsto well reproducethesynthetic
surface. However, theamountof observeddatarequiredis alwaysrelevant. To limit thenumberof cross-
sectionsto survey, dry andwet break-lines,i.e. thelinesthat identify thetransversalslopechangebetween
�oodplain andthechannelbankandbetweenthechannelbankandthechannelbedrespectively, areneeded.

Hence,in a simpli�ed braidedriver suchthe syntheticone, the topographicsurvey may be optimize
surveying wet anddry break-linesandcross-sectionsat leastin correspondenceof the sharplongitudinal
slopechanges.

We alsoinvestigatedif RSTworkswell whenthechannelbedis not �at in thetransversaldirectionbut
assumesa morenaturalshape.We performedinterpolationsfrom transversalcross-sectionson a synthetic
DTM representingastraightsingle-channelriverwith semicircularcross-section,obtaininggoodresults.

To performa goodinterpolation,however, splineparametersareto besetcarefully. In particular, we set
smoothingequalto zerobecausewe have supposedanhigh reliability of observeddata;anisotropicfactors
weresetto zerodueto thenot uniqueanisotropy'sdirectionin a surfacelike braidedriver; tension,segmax
andnpminweretunedin every interpolationsoto minimizetheerrors.

Notethat,for braidedriverapplications,theshapeof thesurfaceis moreimportantthanhigh dataaccu-
racy, becausethedatamayhave anerrorequalto theaveragegrainsizeof thesediments(of theorderof 10
cm). Obviously, it is importantto look notonly at theerrorsvaluebut alsoat theerrorsign.

In the nearfuturewe will investigatehow optimizea topographicsurvey of a braidedriver with more
naturalcross-sectionsshape,trying to avoid thesurvey of thewet break-linesbecausethey arenot always
well de�ned in �eld.

Moreover, interpolationsfrom cross-sectionsof variablespacingalongthe section,in function of the
importanceof thearea,will beperformed.In fact,throughGPScinematicsurvey it is naturalto obtainmore
densedatapointsin complex areaandmorespreadinformationin uniformzones.

And kriging methodwill beanalysedwith anappropriateanalysisandcomparedwith spline.
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