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1 Intr oduction

The main goal of severalresearchess monitoringthe territory, with differentsurwey techniquesandanal-
ysis methods.Many suney methodologiesnay be appliedto study 3Dimensionalariation;generallythe
choicedependsn the applicationfor which the surwey is asled, the size of the area,the accurag andso
on. Frequentlya quick and economicalapproachshouldrepresentsan useful stratgy to gainland metric
knowledge.Moreover, the knowledgeof theterritory dependon the applicationthatneedst.

A typical applicationis braidedriver analysis. The main featuresof a braidedriver is the existenceof
morethanone channelcontributing to o w and sedimenttransport(g. 1). Suchchannelsseparatedy
depositionareascalled bars,arein continuousmotion due to bed and bank scourduring oods of even
moderatantensity So,it's possibleto obsene abandonmendr merging of old channelscreationof new
channelor simply shifting of channelsn the oodplain. Dueto therapidandstrongchangesn streampat-
terns,braidedriversposedif cult problemsof riverregulationandmanagementlo investigateheprocesses
that controlthe morphodynamicef braidednetworks, uvial geomorphologistandengineergpreliminary
needadetailedsurwey.

Aerial photogrammetrylaseraltimetry andsatellitehigh resolutionimagesprocessingrerecentlyused
to produceDigital TerrainModelsof wide braidedriver at a high spatial(1x1 m point spacingor less)and
temporal(event-basedjesolution. However, suchsurvey methodsareuseful primarily for the dry portion
of the oodplain; thus,whenwe have to dealwith submegedzonespr whenthe dimension®of theareaare
notwide enougha groundsuney hasto beusedto Il in suchareas.

To reproducehe main shapesandfeaturesof a braidedriver, i.e. the positionandentity of deposition
anderosionzones detailedgroundsurweys areusuallyperformed.Obviously a completeandonerouseld
datacollectionsis neededput economizehe costsof the suney increasehe frequeng monitoring;in this
way it is possibleto gaina betterdescriptionof the morphologys evolution.

In the presentwork we investigatehow optimize the topographicsurwey, in the senseof reducingthe
numberof topographicpoints that we have to surwey, understandingvhich kind of topographicdataare
neededo betterreproducesuchcomples surface.

TestsarebaseddndifferentsyntheticDigital TerrainModel (DTM), principally representing.schematic
braidedriver andits characteristic§section2.1). Exportingtrans\ersalcross-sectiongnd/orbreak-lines
from suchsurface,we testdifferentinterpolatingmethodspresentedn the opensourceandfree software
GeographicalnformationSystem(GIS) GRASS5.3,in differentsurey simulations(section2.3and2.4).
Notethata crucialfeatureof the surfacethatwe try to reproduceis its stronganisotrogy in differentdirec-
tions,dueto the presencef differentbut importantdirectionsof thewater o wing on suchsurface.

A comparisons neededvith asoftwareusedin thehydraulicengineeringractice HEC-RASsoftware,
startingfrom signi cant trans\ersalsectionf the syntheticDTM (section2.5).

Comparingtheinterpolatingmethodswith differentkind of data,quantityandtheir spatialdistribution,
we pointoutfew andvery simplesuggestions.
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Figurel: View of ashortreachof abraidedriver: the BorberaRiver (Italy). [Water o ws from left to right]

2 How to reproducea braided river DTM?

Themaingoal of the presentvork is to optimizea topographicsurey in the senseof how mary pointsand
which distribution is necessaryor a goodrepresentationf the morphologyof a particulargeometry:the
braidedriver.

In otherwords,the questionis: is it betterto suney pointson a regulargrid, trans\ersalcrosssections,
longitudinalpro les of themainchannelsand/orbreak-lineqlinesof strongslopechangesi.e. well-de ned
channebanks)?And which spatialdensityis neededTheanswembviously depend®nthe 3D geometryof
theterritory (morphology) but alsoon which particularcharacteristicsf theterritory we wantto represents
that directly dependson the applicationfor which the Digital Terrain Model (DTM) will use. It's also
importantto understandf, in the speci ¢ application,is more importantto reproducethe shapeof the
territory with a densedatasetor obsene few pointsin stratgic area. Lastbut not least,the answerto the
previousquestionglependntheinterpolatingmethodusedto createthe DTM.

A DTM is a mathematicalnstrumentghat allow to represennumericallyevery surface. The terrain
representatioof a surfacemaybedoneby differentdataset: contourlines, sparseelevationpointsor raster
le characterizethy anelevationassociateat every pixel. Notethat,a discretizatioris alwayspreseneven
if the point/pixel densityis high. Hence whenwe have to investigatehe surfacemodelon differentpoints
or with differentspacingwe have to carryout elevationsdatathroughmathematicaéstimatealgorithms.

The interpolatingalgorithmsmay be basedon deterministicor stochastiomodels. In a deterministic
model,the relationbetweerntwo nearpointsis expressedy an explicit law; instead,in a stochastianodel
thein uence of differentpointsis expressedby a statisticparametefcovariance) Moreover, aninterpolator
maybeglobalor local if all thedataor only the nearestlata,respectiely, areusedto createthemodel. The
global methodsare usefulto individuatethe generaldatatrend; instead the local methodsusuallyfollow
betterthe undulationsof the surface.

In GRASS5.3 the InverseDistanceSquaredWeighting (IDW) and RegularizedSpline with Tension
(RST)areavailable[5,6]; moreorerkriging methodmaybeusedtoo, interfacingGRASSwith the R geosta-
tistical software.

Kriging is a geostatisticainterpolationmethodthathasprovenusefulandpopularin mary elds, espe-
cially in caseof irregularly spacediata.An importantcomponenof thekriging methods thevariogramiit's
estimationis the crucial point of the procedure This methodis very important,sowe cannotneglectto in-
terpolateobseneddatawith it but, for the samereasonit is necessaryo testthekriging with anappropriate
analysis.

Thus,by now, we will focusedour attentiononinversedistanceveightandspline.In thenearfuturewe
will analysekriging too.

In generalnoneinterpolatoris betterthanthe others,but it dependsn the obsered dataand on the
shapeto reproduce Moreover, the quality of theinterpolationalsodepend®n the users experiencejn fact
the parametes settingmay be very importantwhensurfaceanddatasetarenot optimal: roughsurfaceand
sparsalata.
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2.1 SyntheticDTM

We investigatedand studieda procedurestartingfrom two syntheticDTMs representatie of a oodplain,
characterizedy constanslope,in which thefollowing riversarecut respectiely:

- asimplebraidedriverwith trapezoidatross-sectiorf g. 2),

- astraightsingle-channeliver with semicircularcross-sectiofig. 3).

Figure2: 3D view of thesyntheticbraidedriver DTM. [Water 0 ws from up to down]

Figure3: 3D view of thesyntheticDTM representin@ straightsingle-channaliverwith semicircularcross-
section.[Water o ws from up to down]

A syntheticDTM hasthe advantageto be characterizedby a geometrysimplerthanin nature,but, at
the sametime, reproducesomeimportantfeaturesof arealmorphology Hence the rst DTM reproduces
schematicallyfhreemainfeaturesof abraidedriver: abifurcationof onechannein two, acon uenceof two
channein one,andthepresencef adepositioreone calledbar, insidea channelin thestraightdownstream
channeiin our DTM); in the secondDTM we wantedto reproducehefactthatthe bedof a naturalriveris
usuallynot at, andthatthe banktoe,the pointthatidentify the endof the channebankandthe beginning
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of thechannebed(thatin thefollowing we call “wet break-line”),is oftennot easyto identify.
During our analysis suchsyntheticsurfacesrepresenthereality.

A crucial featureof all the two syntheticsurfacesthat posesproblemsfrom the interpolatingpoint of
view, is their stronganisotropy, dueto the presencef a main oodplain slopeandso of a maindirection
of the water o wing on suchsurface. Many interpolatorsare able to take into accountanisotropy, but
usuallyanisotroy hasto be uniform overthewholeinterpolationarea.Hence whenyou have to reproduce
a braidedriver, whereevery channelmovesin differentdirections,you are not ableto setan anisotrofy
parametebecausét is impossibleto identify a uniqueanisotropy direction.

More dif culties arisewhenyou have to reproducea braidedriver, dueto thefactthat:
- theirdimensionsarenot very sizeablej.e. channeldepthmaybejust 1 m andchannelwidth maybe10m
orless,
- thewidth to depthratio is animportantparametefor their morphodynamievolution, henceit hasto be
reproducedarefully;
- usuallyevery channels characterizethy a differentaveragebedslope.

Moreover, in the speci ¢ applicationof braidedriver, it's moreimportantto reproducehe shapeof the
surfacethantheaccurag of theinterpolatedDTM. In fact,the sureyeddatamayhave anerrorequalto the
averagegrainsizeof the sedimentsthatfor a braidedriver like the BorberaRiver (g. 1) is of the orderof
10cm,i.e. 10%of the channeddepth.Hence the acceptednterpolationerrorcould be of suchorder

2.2 Procedurin GRASSand error evaluation

Theinput dataconsistin a syntheticDTM asdescribedn sect. 2.1. The syntheticDTM wascreatedby a
spreadsheddiving a value of elevationto every cell. In this way we createda matrix of valueswe could
importin GRASSasaraster le by the commandr in ascii. Then,becausave neededhe 3Dimensional
coordinate®f everypixelin a le, wetransformedherastemmapinto a sitesmapby rto sites
To simulatethe datasurwey, we extractedfrom suchsites le the pointscorrespondingo cross-sections

and/orbreak-linestransformingthe GRASSsites le in anasciioneby s out asciiandthenusingaproper
FORTRAN programto extractthe seriesof pointswe need.With this procedureve obtainedthe obsered
dataof arealsurwey thatwe importedin GRASSby s in ascii, andbeganto elaborate.

We tried to re-createthe original syntheticsurfacethrougha spatialinterpolation. GRASS5.3 offers
two interpolationtechniquesinverseDistancesquaredMeighting(IDW) with thecommands surf idw and
ReyularizedSplinewith Tension(RST)with thecommands surf r&t. Wetestedbothof themandoptimized
the parameter@ functionof theinput data,estimatingthe differencesetweerthe original surfaceandthe
interpolatednes.

Sometimeghe good quality of an interpolation,if evident, can be evaluatedthrougha qualitatively
comparisorbetweerthe referencesurfaceandtheinterpolatedone. Anyway, the erroris usuallyquanti ed
by meansof numericalcomparisorof every pixel of theinterpolatedsurfacewith thecorrespondingpixel of
thereferenceone. However, whenthe referencesurfaceis closeto be verticalandthe interpolatedsurface
reproducevell thebehavior but, for example,it is slightly shiftedplanimetrically theerrorevaluatedhrough
a simplevertical differenceof every pixel is not representatie of theinterpolationquality ( g. 4). For this
reasonthe minimumdistancerom every pixel of theinterpolatedsurfaceto the referencesurfacehasto be
calculated.

We performeahis calculationin GRASSusingr mapcalc, avery usefulcommandhatpermitsto create
new rastermapby applyingmathematicabperationgo oneor moreexisting rastermaps.We createa new
rastermap,theerrormap,assigningo a pixel thevaluecorrespondingo the minimumdistancebetweerthe
pixel valueof theinterpolatedrasterandthe valuesof 25 pixels of the referenceaasteraroundthe resulting
cell. Erroris positive if the referencevalueis higherthanthe interpolatedone,andvice versa.Obhviously,
theamplitudeof theareaatwhich you have to applythe minimumdistanceresearchlepend®n the surface
shape.

In thenext sectionwe try to testtheinterpolatiormethodsmplementedn Grassjnversedistanceveight
andspline,with differentsynthetidD TMs anddifferentdatasets.We try to understandavhichcriteriawe have
to follow to selectinterpolationmethodandsettingparametersalue,in orderto obtaina goodinterpretation
of realsurface.
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Figure 4: Sketchshaving the differencebetweenerrorsestimatedby calculatingvertical distanceor by
searchingninimumdistance.

2.3 InverseDistanceWeighting

ThelnverseDistanceéMeighting(IDW) methodis aweightedaveragenterpolator Dataareweightedduring
interpolationsuchthat thein uence of onepoint relative to anotherdeclineswith distancebetweernthem.
Theweightsassignedo the datapointsarefractions,andthe sumof all theweightsis equalto 1.0.

Weightingis assignedo datausinga weightingpower thatcontrolshow the weightingfactorsdrop off
asdistancefrom a grid nodeincreasesThe greaterthe weightingpower, the lesseffect pointsfar from the
grid nodehave during interpolation. As the power increasesthe grid nodevalue approacheshe value of
thenearespoint. For a smallerpower, the weightsaremoreevenly distributedamongthe neighboringdata
points.

Theequationusedfor InverseDistanceto a Paveris:

ai 1z dibj

ﬁ (1)

ai' 11 djj

where:

z; is theinterpolatedvaluefor grid nodej,

z aretheneighboringpoints,

dij is thedistancebetweerthegrid nodej andtheneighboringpointi,

n is thenumberof pointsto usefor theinterpolation,

b is theweightingpower.

Theresultingsurfacedepend®n theweightingpower andon the parameten.
IDW is oneof the simplestandmostreadily availablemethod.Moreover, it is very fast. It hasalsothe

adwantageo restrictthe spatialin uence of ary errors,but it hasthe disadwantageto generatebull' s eyes”

patternsof concentriccontoursaroundthe suneyeddata.Furthermorethis modeldoesnt take into account

apossibleanisotropy of thesurface.

2.3.1 Application of IDW in GRASS

In GRASS5.3thecommando performsurfaceinterpolationfrom sitesdataby InverseDistancéWVeighting
is ssurf idw [5,6].

This programallows theuserto usea GRASSsitelist le asinput,andcreatearasterle asoutput.
Theweightingpoweris x ed,equalto 2.

The parametethat the usercan modify is npoirnts, i.e. the numberof pointsto usefor interpolation. Its
defaultvalueis 12, andit' s not possibleto seta valuegreateithanthe default one.

2.3.2 Application on synthetic braided river DTM

We analysedDW interpolationstartingfrom the syntheticbraidedriver DTM, keepingthe default valueof
theparametenpoirts.
Becauseivertopographidatausuallysuneyedaretrans\ersalcross-sectionsyeimportedsitesrelative
to differenttrans\ersalcross-sectionandinterpolatedhem.
In the rst sunwey thatwe performedthe distancebetweerntwo 'sureyed' cross-sectioneasé m (= 20
pixels)while thedistancebetweertwo following pointsin a cross-sectiomas0.3m (= 1 pixel).
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Figure5: Positionof the'surweyed' cross-sectionfblack lines]andof threesigni cant sectiongwhite lines]
onthesyntheticbraidedriver DTM. Thedistancebetweertwo 'suneyed’ cross-sectiotis 6 m (= 20 pixels)
while the distancebetweertwo following pointsin a cross-sectiois 0.3m (= 1 pixel).

Figure6: Comparisorbetweerinterpolatecandreferencevaluesalongthelongitudinalsection(A-A) onthe
oodplain of the syntheticbraidedriver DTM with IDW. [The distancebetweertwo 'surweyed’ sectionds 6
m (= 20 pixels)while the distancebetweertwo following pointsin across-sectiois 0.3m (= 1 pixel).]

To analysethe outcomeDTM, we extractedthree sectionsas indicatedin gure 5: the longitudinal
section(A-A) onthe oodplain, thetrans\ersalsection(B-B) in correspondencef the straightdowvnstream
reach,andthe trans\ersalsection(C-C) in correspondencef the centralbar in the straightdownstream
reach.And we comparedheinterpolatedvalueswith the syntheticones.

If you look at gure 6 you may noticethatthe constantslopeplanewasreproducedsa sequencef
stepsj.e. areaof constanelevationfrom the trans\ersalwheelbas®f onesection(k) andthe previousone
(k-1) to the trans\ersalwheelbasef suchsection(k) andthefollowing one(k+1). It happendecausdhe
elevationof apixel locatedbetweerthesectionk andthetrans\ersalwheelbasef thesectionsk andk+1, for
example,depend®nly ontheelevation of the closestl 2 sitesthatall belongto the sectionk. If youlook at
gures 7 and8, you maynoticethatthe shapeof the sectiondn thestraightreachwasquitewell reproduced
but movedall up or down dependingn the positionof the interpolatedsectionrelatedto the sectiondata.
This behaior is dueto the excessive dataanisotropy, too densen thetransersaldirection.

To overcomethis problemwe tried to surwey lesspointsalongonecross-sectionHence,in this second
suney thedistancebetweerntwo 'suneyed' sectionsvasalways6 m (= 20 pixels)while thedistanceébetween
two following pointsin a cross-sectiomvas1.5m (= 5 pixels).

In gure 9is reportedhelongitudinalsection(A-A) relative to this casecomparedvith the correspond-
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Figure 7: Comparisonbetweeninterpolatedand referencevaluesalong the trans\ersal section(B-B) in
the straightdownstreamreachof the syntheticbraidedriver DTM with IDW. [The distancebetweentwo
'suneyed’ sectionss 6 m (= 20 pixels)while the distancebetweerntwo following pointsin a cross-section
is0.3m (=1 pixel).]

Figure 8: Comparisonbetweeninterpolatedand referencevaluesalong the transwersalsection(C-C) in
the straightdownstreanreachin correspondencef the centralbar with IDW. [The distancebetweentwo
'suneyed' sectionds 6 m (= 20 pixels)while the distancebetweertwo following pointsin a cross-section
is0.3m (= 1 pixel).]

ing syntheticdata.Notethattheinterpolationgave betterresultscomparedo gure 6. However, if youlook
at gures 10and11 anoverall verticaltranslationof interpolatedcross-sectionpersists.

In gure 12is reportedthe error distribution relative to the DTM interpolatedrom this lastsurey. On
the oodplain the error oscillatesbetweent0.22m and-0.22m, while in the channelthe averageis about
-0.3m but it mayreach0.6-0.8m (60%-80%channeldepth)closeto the banksor in correspondencef the
centralbar, i.e. wherethetopographychangesnorerapidly.

It seemghatIDW shouldwork betterif datapointsaredeprived of their trend, thatin our application
correspondso the meanslopeof the oodplain. Butit is noteasyin a naturalbraidedriver becausevery
channeis characterizetby its own slope.

Then,we performeda third surwey, taking dataon a regulargrid 6 m x 6 m (= 20x20pixels). The error
distribution (g. 13) is worsealmosteverywherein the channeld> 0.6 m, i.e. 60% channeldepth)except
for circularareaaroundthe datasites,whatit's calledthe“bull' s eyes” pattern typical of IDW.

Instead,if the 'surweyed' dataare on a denseregular grid with spacing0.9 m x 0.9 m (= 3x3 pixels),
the errordistribution is optimal, mostlylowerthan0.03m (3% channeldepth),of theorderof 0.25m (25%
channelepth)in correspondencef slopechangesandwith somelocalizedpeaksor cratery g. 14).

Summarizing,IDW interpolatorneedsa huge amountof data,on a regular grid if possible,alsoto
reproducea regular straightchannel;andthis is not a realisticconditionif you wantto surwey areachof a
braidedriverwith groundtechniquesWe con rmed whatsuggestedy Neteler& Mitasova (2002),p. 166:
IDW is usefulwhenthe datadensityis higherthanthe densityof the resultinggrid points.
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Figure9: Comparisorbetweerinterpolatecandreferencevaluesalongthelongitudinalsection(A-A) onthe
oodplain with IDW. [The distancebetweerntwo 'surweyed' sectionss 6 m (= 20 pixels)while the distance
betweertwo following pointsin a cross-sectiotis 1.5m (= 5 pixels).]

Figure 10: Comparisorbetweeninterpolatedand referencevaluesalongthe trans\ersalsection(B-B) of
the straightreachwith IDW. [The distancebetweentwo 'sureyed' sectionsis 6 m (= 20 pixels) while the
distancebetweertwo following pointsin a cross-sectioiis 1.5m (= 5 pixels).]

Figurell: Comparisorbetweerinterpolatecandreferencevaluesalongthetrans\ersalsection(C-C) of the
straightreachin correspondencef the centralbarwith IDW. [The distancebetweertwo 'suneyed' sections
is 6 m (= 20 pixels)while thedistanceébetweertwo following pointsin a cross-sectiois 1.5m (= 5 pixels).]
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_0.96 M

Figure12: Error distribution[m] of DTM interpolatedwvith IDW from sites,whenthedistancebetweertwo
'suneyed' sectiongs 6 m (= 20 pixels) while the distancebetweerntwo following pointsin a cross-section
is 1.5m (= 5 pixels).[Crossesndicateshe'sureyed' points.]

Figurel13: Errordistribution[m] of DTM interpolatedvith IDW from sites,whenboththedistancebetween
two 'suneyed' sectionsandthedistanceébetweertwo following pointsin across-sectiois 6 m (= 20 pixels).
[Crossedndicatesthe'suneyed' points.]
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Figurel4: Errordistribution[m] of DTM interpolatedvith IDW from sites,whenboththedistancebetween
two 'suneyed' sectionsaindthedistancéetweertwo following pointsin across-sectiors 0.9m (= 3 pixels).

2.4 Spline

A splineis asmoothcurve de ned mathematicallyoy two or morepointscalledknots. Thetermcomesrom
thesplinegadgeusedby shiphuildersto drav smoothshapesA splinetakesthe shapenhich minimizesthe
enepgy requiredfor bendingit betweerthe x edpoints,andthusadoptthe smoothespossibleshape.

Theimportantcharacteristiof splinefunctionsis thatthey arepiecavise polynomialfunction: different
polynomialsmaybe usedin differentpartsof acurve. A signi cant advantageof this approachs thatit can
follow alarge,complex curve by usinglow degreepolynomials.

Differenttypesof splineexist, dependingn the polynomialdegree[1,2]. A functionSis calledaspline
of degreek if:

1. Thedomainof Sis aninterval a b

2.5S Sk 1 areall continuousunctionson[a, b]

3. Thereareknotst; suchthata to t; andsuchthatSis a polynomialof degreeat mostk on

eachsubinteral t; t; 1 .

The assumptiorthat the interpolationfunction shouldbe as smoothas possibleis mathematicallyex-
pressedy the conditionthatthe sumof the deviationsfrom the measuregbointsandthe smoothnessemi-
normof thesplinefunctionF r hasto be minimum:

n
&z Fri 2w w F?2 minimum 2)
i1
where:
z is theinterpolatedvaluefor grid nodei,
ri is thediscretepoint wherethe phenomenois measured,
Wi, Wo arepositive weights,
F istheseminormof the splinefunction,andit mayassumaelifferentexpressior|1,2,3].
The simplicity of representatiomndthe easewith which a complex spline's shapemay be computed

male splinea popularrepresentatioffior curvesin computerscience predominantlyin computergraphics
but alsofor otherkinds of interpolations.
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Figure 15:; Sketchof RST interpolationresultswith high/low tensionand smoothingequalor not to zero.
[The dottedline representshe datatrend.]

2.4.1 Application of Splinein GRASS

In GRASStheregularizedsplinewith tension(RST) methodis used[3,4]. The RST functionincludesthe
sumof all derivativesupto in nity with rapidly decreasingveights,sothattheresultingsurfacehasregular
derivativesof all ordetr Moreover, a tensionparameteiappearshencethe surfacecanbe tunedfrom an
“elasticmembrane’to a “thin steelplate”.

Thecommando performsurfaceinterpolationfrom sitesby regularizedsplinewith tensionis s surf rg.
Usercande ne mary parametersthe principal onesare: tension smoahing, npmin, sggmax theta and
scakx. In thefollowing, we will underlinesomecharacteristicef suchparameter$s,6].

Smoothingallowsthesurfaceto deviatefrom thedatapointsin its effort to minimizeits enepy. Instead,
theinterpolationfunctionpasse®xactly throughthe obseneddataif smoothings setto zero.

The default smoothingvalueis equalto 0.1, hencean approximatioris allowed. Note that smoothingmay
be usefulfor removing the noisewhich may be presenin obseneddata.

In our applicationsve alwaysimposedsmoothingequalto zero,assuminghatthe valuesof datapointsare
exact.

Tensionparameterasalreadysaid,tunesthe surfacefrom an“elasticmembrane’to a “thin steelplate”.
High tension‘increaseghedistancesbetweemoints,soreducesherangeof impactof eachpoint. Surface
with too high tension(for example=160)behaeslike amembranevith peakor pit in eachgivenpointand
everywhereelsethe surfacegoesrapidly to trend. Low tension“decreaseshe distances’betweenpoints,
hencethe pointsin uence eachotherover longerrange. Surfacewith too low tension(for example=10)
behaeslik e a stiff platehardto bend,hencea very smoothsurface.

The default tensionvalueis equalto 40, but suchvalue hasto be modi ed dependingon the shapeof the
surfaceyouwantto describe.
A sketchexplainingthedifferentbehavior of tensionandsmoothingparameterss reportedn gure 15.

For processingf largedatasets whicharecommonin geosciences segmentatioralgorithmwith e x-
ible sizeof overlappingneighborhoods available. Theideaof sggmentatiorprocessinds basedon thefact
that, for large dataset, the behaior of the interpolationfunctionis local: this meanghatthe interpolation
functionin somelimited areais not sensitve to dataat somesufciently distantpoint. Moreover, segmen-



12 DTM of abraidedriver: how to reproducet?

Figure16: Error distribution [m] of DTM of the syntheticbraidedriver interpolatingwith RST from sites,
whenthe distancebetweentwo 'surneyed' sectionsis 6 m (= 20 pixels) while the distancebetweentwo
following pointsin across-sectioiis 1.5m (= 5 pixels). [Crossesndicatesthe'sureyed' points.]

tation limits computationademands.Hence,the interpolatedareamay be divided into a regular meshof
rectangulaseggmentg4,5,6] with sizedependentn the densityof datapointsandde ned by the parameter
segmax In particular sggmaxde nes the maximumnumberof pointsper segment,so sggmentationpro-
cessings activatedonly if the numberof given pointsis largerthansegmax. Interpolationis performedon
eachsggmentof theregion, usingthe samefunctionfor all grid pointswithin a segment. This factimplies
thateachsegmenthasto include uniform data,hencesggmaxdependsn the surfaceto reproduceandon
datadensity In section2.4.2the effect of wrongsettingof segmaxis shaved.

To ensuréghesmoothconnectiorof segmentsyaluesof theinterpolationfunctionin agivensegmentare
computedusingthe pointsfrom this sggmentandfrom the neighboringones. The numberof pointstaken
for interpolationis controlledby the parametenpmin, the value of which mustbe obviously larger than
segmax.Npminis a crucialparametein orderto obtaininterpolatedsurfaceof goodquality. In fact,npmin
mustbe large enoughto let representinghe surfacetrend, but not too large in ordernot to losethe local
charactetypical of spline.

Thedefaultvalueof sgmaxandnpminarerespectiely 40 and300.

RST methodis also able to take into accountanisotroy with the parametergheta and scalex the
anisotroy angleandthe anisotropy scalingfactorrespectrely. Anyway, in a braidedriveryou arenot able
to identify an uniqueanisotropicdirection, henceno anisotropicparameterdiave to be set (theta=0and
scale=1).

2.4.2 Application on synthetic braided river DTM

We beganlooking atthe behavior of RSTin comparisorwith IDW interpolatingbetweertrans\ersalcross-
sectionglistanteachother6 m ( = 20 pixels),with pointsin across-sectionlistantl.5m (= 5 pixels),aswe
have alreadydoneusingIDW interpolator(see g. 12). The calculationwasperformedwith defaultvalues
of tension segmaxandnpmin,andno anisotropicfactors.

Theerrors(g. 16)variesfrom 1.1 m to approximately1 m, exceptfor the downstreanboundaryzone
wherethe errorreaches3 m. In the straightchannekheinterpolationworks prettywell: the erroris lower
than5 cm (5% channeldepth)with peaksf about30 cm (30%channebdepth)alongthebreak-linesinstead,
in thereachfrom thebifurcationto the con uencetheerrorsalongthe break-linesaremorehigh,upto 1 m
(100%channeldepth),andin uence awider area,sothatthe channelwidth is badreproduced.
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Figure 17: Error distribution [m] of DTM of the syntheticbraidedriver interpolatingwith RST from data
pointsalongthebreaklinespnly. [Crossesndicateshe'suneyed' points.]

However, comparing gure 16 with gure 12, we may statethat RST methodworks betterthan IDW
methodin the applicationwe aredealingwith andsurweying sitesalongcross-sectioneot too dense.

We theninvestigated differentapproactof datasurey, takingthedry andwetbreak-linesj.e. thelines
thatidentify thetrans\ersalslopechangebetweenoodplain andthechannebank,andbetweerthechannel
bankandthe channebed,respectiely. Break-linesarecomposedy 1 pointevery pixel alongtheline. The
interpolationwasperformedwith highervaluesof tension(=100),default valuesof segmaxandnpmin,and
no anisotropidactors.Increasingensionparametets usefulin this speci c calculationbecaus¢he channel
bedis at andsotheinterpolatedsurface tightenedbetweerthetwo wet break-lineshasa betterbehavior.

In gure 17theerrordistributionis reported Note boundaryeffectsin thefour cornersof theregion,and
how the sggmentatioris visible. A 3D view of errordistribution in which sggmentatioreffectsareevident
(without boundaryeffects,becauseelative to aninterpolationwe will discussin the following) is reported
in gure 18. Wetriedto modify the sgmaxvaluesoto reducethe segmentatioreffect: we increasedt until
anumbergreaterthanthe datanumbersothatthe interpolatorcalculatesonefunctionfor the whole region,
andthenwe decreaseit until 1 sothattheinterpolatorcalculatenefunctionfor every pixel, butinsidethe
channelboth the solutionswereworsethanthe onewith default value. If default valueswereassumedin
thestraightchannetheerroris lowerthan7 cm (7% channeldepth),andin thebifurcation-con uenceeach
it is lowerthan16 cm (16%channeldepth).

It seemghatthe river geometryis betterreproducednterpolatingfrom dataalongdry andwet break-
linesthanalongcross-sectionm this particularapplicationwherethe bedchannetopographyis at. Note
thatsurweying only break-lineds fasterthansureying densecross-sectionddowever, in arealapplication
wherebedtopographyis irregular, somecross-sectionareneededn ary case.

To remove boundaryeffects,we addeddatapointsalongthe region boundariesandthe resultimproved
asin gure 19. Errorsarelowerthan20 cm (20%channeldepth)everywhereg< 5 cmonthe oodplain and
< 12 cmin the channel) exceptfor localizedpeaksof about40 cm (40% channeldepth)betweerthe dry
andwet break-linesn the sharpchangeof directionof the channelsandfor the centralbarareawhereno
obseneddataexist. The RST parametersverethe samethanin the previousinterpolation.In gure 20you
may notethe goodcomparisorbetweertheerrordistribution alonganinterpolatedrans\ersalcross-section
in the straightdownstreanreachandthe correspondingyntheticdata.

We then investigatedthe possibility to surwey the only dry break-linesplus sometrans\ersal cross-
sectionsto have informationson the channelshape. In fact, the wet break-linesare dif cult to surwey in

eld, becausaotalwaysclearlyde ned.
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Figure21 shownstheerrordistributioninterpolatingfrom datapointsalongthe dry break-linesandcross-
sectionsevery 6 m (= 20 pixels), with points on a sectionevery 1.5 m (= 5 pixels). The resultis not
satishctoryat all insidethe channelswith errorsup to 20 cm (20% channeldepth)in the straightchannel,
upto 40cm (40%channedepth)alongthe straightchannebanks,andalsogreatetthan1 m (100%channel
depth)in thebifurcation-con uenceaeach.Insteadthe oodplain is well reproduced.

It seemghat a goodinterpolatedsurfacecan be obtainedsurweying both wet anddry break-linesand
somecross-sectionsat leastin correspondencef longitudinal slopechangeswheresamehigh localized
errorsarise(g. 22).

Figure18: 3D view of theerrordistributioninterpolatingwith RST from datapointsalongbreaklinesregion
boundaryandsomecross-sectionssegmentatioreffectsareevident.

Figure19: Error distribution [m] of DTM of the syntheticbraidedriver interpolatingwith RST from data
pointsalongthe breaklinesandthe boundaryof theregion. [Crossedndicatesthe'suneyed' points.]
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Figure20: Errordistributionalonganinterpolatedrans\ersalcross-sectioin thestraightdownstreanreach
comparedvith thecorrespondingyntheticdata.Interpolationwasperformedwvith RSTfrom dataalongdry
andwetbreaklinesandregion boundaries.

Figure21: Error distribution [m] of DTM of the syntheticbraidedriver interpolatingwith RST from data
pointsalongthedry breaklinesandtrans\ersalcross-sectionsvery 6 m (= 20 pixels).[The distancebetween
two following pointsin across-sectioiis 1.5m (= 5 pixels). Crossesndicatesthe'suneyed' points.]



16 DTM of abraidedriver: how to reproducet?

Figure22: Error distribution [m] of DTM of the syntheticbraidedriver interpolatingwith RST from data
pointsalongthe breaklinesdry andwet, andsometrans\ersalcross-sections correspondencef theslope
changes[Crossesndicatesthe'surweyed' points.]

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

We theninvestigatedf RST works well whenthe channelbedis not at in the trans\ersaldirection but
assumes morenaturalshape.

So, we focusedour attentionon the syntheticDTM representing straightsingle-channetiver with
semicircularcross-sectiofig. 3), and'suneyed' only trans\ersalcross-sectionsl he distancebetweertwo
'suneyed' sectionsvas6 m (= 20 pixels)while thedistancebetweertwo following pointsin across-section
was0.3m (= 1 pixel). Justto have anideaof the physicaldimensionsthe channelwidth is 11.4m (= 38
pixels)andthe maximumchanneldepthis 5.7 m (= 19 pixels).

We setsmooth=0tension=4(i.e. the default value),no anisotropicfactors(to be congruenwith inter-
polationsshavedin sect. 2.4.2), sggmax=2andnpmin =10. Seggmaxwassetsolow in orderto calculate
the splinefunctionin every 2 pixels, henceto localize the interpolation;note that it was possibledueto
the modestnumberof datapoints. The valueof npminwaschosenso that, whenwe interpolatein a point
betweentwo sections suchpointis in uenced by pointsin boththe sectionsandmorewe are closeto a
sectionthein uence is strong.

This solutionis characterizedby errorsin generalower than80 cm, but localizederrorsgreaterthan 1
m arepresen{ g. 23).Hencewetriedto increasenpminandtension but thequality of theinterpolationget
worsein bothcases.

We thentried to thin out pointsalongthe sectiong1 pointevery 1.5m = 5 pixels). The errorincreases
especiallycloseto thesectionsparametersaluesbeingequal,becausenly 7 datapointsarepresentlong
a sectionin the channelhencedatapointson the oodplain in uence the interpolateddatain the channel.
Becausdower npminvaluesarenotreasonabldpwer tensionvalue(= 10) improvestheresult. Theerroris
in generalower than35 cm, with localizedpeakscloseto the channelbanks( g. 24). Warningsappeaiif
you triedto lower thetensionmore.

Hence,it seemghatRSTis ableto interpolatequite well from trans\ersalcross-sectionwith irregular
shapef dataaresufciently dense.However, a deepernalysiswith morenaturalriver cross-sectionwill
be performedn the nearfuture.
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Figure23: Error distribution [m] of DTM of the straightriver with semicircularsectioninterpolatingwith
RSTfrom densedatapoint alongtrans\ersalcross-sectionsT hedistanceébetweertwo following pointsin a
cross-sectiois 0.3m (= 1 pixel). [Crossesndicateshe'suneyed' points.]

Figure24: Error distribution [m] of DTM of the straightriver with semicircularsectioninterpolatingwith
RSTfrom lessdensealatapoint alongtrans\ersalcross-sectionsl hedistancebetweertwo following points
in across-sectiotis 1.5m (= 5 pixels).[Crossesndicatesthe'sureyed' points.]
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2.5 HEC-RAS

In the hydraulic engineeringpractice,to performhydraulic calculationsin naturalrivers, the U.S. Army
Corpsof Engineerss River AnalysisSystem(HEC-RAS)softwareis oftenused[7].
Suchsoftwarealsoallows to interpolatebetweersuneyedtrans\ersalcross-sectiomata,in orderto repro-
ducethegroundsurfacein moredetailandsoto performmoreaccuratenydrauliccalculations.

Theinterpolatoris basedon a linearmodelasgraphicallydepictedin gure 25. It consistof linesthat
connecthecoordinate®f the upstreananddownstreantross-sections.

Five masterlines are automaticallyattachedbetweenthe two cross-sectionsn particularbetweenthe
endsof the cross-sectionghe pointsidentifying the main channebanks(reddotsin g. 25),andthemain
channelthalweg, i.e. the lower elevation point, in gure 25 correspondindo 4 greenlinesand1l redline
alongthechannethalweg. Additional masterdinescanbe addedo connecteatureghatit is known should
beconnectedasthelongitudinalbankin the hydraulicleft oodplain in theexamplein gure 25.

Minor linesaregeneratecutomaticallyby theinterpolationroutines by takinganexisting coordinaten
eithertheupstreanor downstreansectionandestablishinga correspondingoordinateatthe oppositecross-
sectionby eithermatchingan existing coordinateor interpolatingone. The coordinatevalueat the opposite
cross-sectiotis determinedby computingthe decimalpercentthatthe known coordinaterepresent®sf the
distancebetweermasterlines andthenapplyingthat percentagéo the oppositecross-sectiomastedines.
The numberof minor lineswill be equalto the sumof all the coordinate®of the upstreamanddownstream
sectiongninusthe numberof mastetines.

Interpolationat any pointin betweerthetwo sectionds thenbasedon linearinterpolationof the eleva-
tionsat the endsof the masterandminor lines.

Whenthegeometryjbetweertwo suneyedcross-sectiondoesnot changdinearly, thentheinterpolated
cross-sectionwill notadequatelylescribegherealsurface.lt happensvhenyou needo interpolatebetween
cross-section@ correspondencef con uencesand bifurcations,as requiredstudyingeven the simplest
braidedriver. An exampleis reportedn gure 26.

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

Figure26: Interpolationwith HEC-RASIn correspondencef a con uence.[Water o ws from up to down]
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3 Conclusions

A quick and economicalsurwey is investigatedto monitor the evolution of a braidedriver with ground
topographisurwey. Startingfrom synthetidTM, differentsurwey pointsanddifferentinterpolationrmethods
aretestedn adidacticapproacho reproducehe braidedriver geometry

First of all, we testeda software usedin the hydraulicengineeringpractice, HEC-RAS, interpolating
from signi cant trans\ersalcross-sectionsf the syntheticbraidedriver DTM. And we found that HEC-
RAS softwareis not ableto interpolatein a reasonablevay in presencef con uencesor bifurcations,i.e.
betweercross-sectionef a braidedriver.

Hence,we startedapplying the simplestand most available interpolation method, Inverse Distance
Weight method(IDW), to the syntheticbraidedriver DTM throughGRASS5.3. But we endsup thatsuch
methodneedsa hugeamountof data,on aregulargrid if possiblealsoto reproducearegularstraightchan-
nel. Becausedhis is not a realisticconditionif you wantto surwey a reachof a braidedriver with ground
techniqueswe lookedat Spline,RegularizedSplinewith Tension(RST)in particular

We appliedRST to the samesyntheticbraidedriver DTM andobsenedthatit works betterthanIDW
interpolatingfrom sitesalongcross-sectiondn fact,RSTneeddesssectiongo well reproducghesynthetic
surface. However, the amountof obsened datarequiredis alwaysrelevant. To limit the numberof cross-
sectiongto sunwey, dry andwet break-linesj.e. thelinesthatidentify the trans\ersalslopechangebetween
oodplain andthe channebankandbetweerthechannebankandthechannebedrespectiely, areneeded.

Hence,in a simpli ed braidedriver suchthe syntheticone, the topographicsurvey may be optimize
sunweying wet and dry break-linesand cross-sectionsat leastin correspondencef the sharplongitudinal
slopechanges.

We alsoinvestigatedf RSTworkswell whenthe channebedis not at in thetrans\ersaldirectionbut
assumes more naturalshape.We performedinterpolationsfrom trans\ersalcross-sectionsn a synthetic
DTM representin@g straightsingle-channeliver with semicircularcross-sectiombtaininggoodresults.

To performagoodinterpolation however, splineparameterareto be setcarefully In particular we set
smoothingequalto zerobecausave have supposedn high reliability of obseneddata;anisotropicfactors
weresetto zerodueto the not uniqueanisotroly's directionin a surfacelik e braidedriver; tension,sgmax
andnpminweretunedin every interpolationsoto minimizetheerrors.

Notethat,for braidedriver applicationsthe shapeof the surfaceis moreimportantthanhigh dataaccu-
ragy, becausehe datamayhave anerrorequalto the averagegrain size of the sedimentgof the orderof 10
cm). Obviously, it is importantto look notonly atthe errorsvaluebut alsoatthe errorsign.

In the nearfuture we will investigatehow optimize a topographicsurwey of a braidedriver with more
naturalcross-sectionshapetrying to avoid the surwey of the wet break-linesbecausahey arenot always
well de nedin eld.

Moreover, interpolationsfrom cross-sectionsf variablespacingalongthe section,in function of the
importanceof theareawill beperformed.n fact,throughGPScinematicsurwey it is naturalto obtainmore
densedatapointsin complex areaandmorespreadnformationin uniformzones.

And kriging methodwill beanalysedvith anappropriateanalysisandcomparedvith spline.
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