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Abstract

We estimateheaccuracyof a 3D range scanneiin terms
of its spatialfrequencyesponse\We determinea scanners
modulationtransferfunction(MTF) in orderto measue its
frequencyresponseA slantededge is scannedrom which
we derivea superesolutionedge pro le. Its Fourier trans-
formis compaedto the Fourier transformof anideal edge
in orderto determinghe MTF of thedevice Thisallowsus
to determinehowwell small detailscanbe acquiredby the
3D scanner We reporttheresultsof several measuements
with two scannes undervariousconditions.

1 Intr oduction

Numerous3D range scanningdevices utilizing mary
different acquisition technologieshave beenbuilt in the
last decadesby industrial as well as academicdevelop-
ers[2, 3, 6, 18. Comparingtheir performancen termsof
accurag is howeverdif cult aseachsystemhasits speci ¢
strengthsandweaknessesothataccuray dependseaily
onthetesttamgetsandmeasurementonditionsused[6]. A
systenthatcanfaithfully digitize asmoothsurfaceof anob-
jectmight not be ableto acquirea sharpedgebetweentwo
surfaceswith sufcient accurag. Beraldinet al. [1] used
thereforemultiple testtargetsto determinethe accurag —
thedeviation from the exactshape- of rangescanningys-
temsfor variousconditions.

In contrastto previous work, we determinethe accu-
ragy of arangescanningsystemin termsof its spatialfre-
gueny responser its opticaltransferfunction (OTF). The
OTF determineghe ability of the scanningsystemto re-
producedifferent spatialfrequenciepresentin an object.
Sharpedgesof an objectto be scannectontainarbitrarily
high spatialfrequeny componentsA rangescanningsys-
tem which samplesa nite numberof surfacepoints will
never be ableto reproducea sharpedgefaithfully unlessit
malkessomeassumptionaboutfeaturegpresenin the orig-

Figure 1. The setup used for test scans con-
sisting of a Minolta VI-910 laser range scan-
ner and the 90 calibration target.

inal scene. Whetherthereconstructe@dgelooksblurry or

shaws aliasingartifactsdependson the OTF of the scan-
ning systemresp.its modulationtransferfunction (MTF),

theamplitudeof the OTF.

Ourwork is inspiredby the elegantandaccurateslanted
edgeOTF measuremertechniqug17] for 2D imagingde-
vicessuchasdigital camera®r scannergindextendsit into
thethird dimension.In principle,a singlescanof atesttar
getcontaininga straightsharpedgeis sufcient to compute
anestimateof the OTF. Oncesuchatesttargetis available,
averysimpleacquisitionsetupsuchasdepictedn Figurel
is sufcient to performthis analysis.

This paperis organizedasfollows: afterareview of pre-
vious work we explain our measuremenprinciple in Sec-
tion 3. We thendiscusswhatanideal MTF lookslike (Sec-
tion 4) andshaw the resultsof anempiricalanalysisof the
proposedtechniquein Section5. Section6 gives several
examplesof MTFs measuredindervariousconditions.We
thenconcludewith anoutlookon futurework in Section7.



2 Previous Work

We rst review somepreviouswork on 3D rangescanner
accurag andfocusthenon methodsto determinethe OTF
of continuousandsampledsystems.

2.1 RangeScannerAccuracy

Accurag is commonlyde ned astheclosenessf agree-
mentbetweerthe resultof a measuremerdandthe valueof
the measurand19]. Standardaccuray testsfor 3D range
scannersre often basedon length measurementestsde-
velopedfor coordinatemeasuremensystemsor for pho-
togrammetry[2, 11]. HebertandKrotkov [9] for example
usemultiple measurementsf targetswith known ground
truthdistanceandcomputegheRMS error. Mostcommonly
accuray is speci ed asrangeaccurag or asa multiple of
thestandardleviation of aGaussiantted to themeasure-
mentresults[7].

Chenetal. [6] point out thattheseaccurag valuescan
only be comparedf a standardneasuremenprocedures
usedincludinganexactspeci cationof thetesttargets.The
test targets should furthermorecontainthe samefeatures
suchascurvedsurfacesor sharpedgeghatareencountered
duringthepracticaluseof thescannef1].

2.2 OTF Measurement

Characterizingmagingdevicesby their OTF is anestab-
lishedtechniquesincemary decades- anoverview canbe
foundfor examplein [21]. Therearemary technique®ased
on the obsenation of edgegradients,sine waves, square
waves,or otherfeaturego determinehe OTF of a continu-
oussystem.Usingthe Rayleighcriterion[4], theresolution
of the systemcanbe easilydeterminedrom the OTF [20].
Direct applicationof thesetechniquedo sampledsystems
is however dif cult dueto noise,undersamplingand the
anisotropicsamplingperformedby mostsampledmaging
systemg17].

Reichenbactet al. [17] introduceda knife-edgetech-
nigue for OTF measuremendf sampledimaging systems
wherea superresolutioredgepro le is computedfrom an
image of a slantededge. Multiple scanlines are regis-
teredto eachotherand combinedinto a single edgepro-

le to overcomethe dif culties dueto undersamplingand
anisotropicsamplingproblems. Noise can be suppressed
by smoothingor by moreadvancedltering technique$8].
The methodis now partof several ISO standardgor reso-
lution measurementsuchas[10] but canalsorevealmary
othercharacteristicef animagingsysten5, 20, 14].

Miles etal. [12] determinedhe OTF of anintensityim-
ageacquiredby a ladarrangeimaging system. They did
however not analyzethe OTF of theassociatedangedata.

In contrastto theseapproacheswe measurethe mod-
ulation transferfunction of a 3D scanningdevice usinga

singleacquiredrangeimage.We usethe MTF to derive an
accurag measuregor rangescanningsystemsthat specif-
ically takesthe performanceat objectedgesinto account.
Somework on this hasalreadybeenreportedby Paakkari
andMoring [15] whoincludedasetof 3D bargratingsinto
theirperformanceestsof rangemagingdevicesandcarried
out somelimited experimentsto determinethe frequeny
respons@f arangeimagingsensor

3 MeasurementPrinciple

The opticaltransferfunction (OTF) describeghe spatial
responseof a linear system. It is commonlyusedto de-
scribethe performanceof anoptical system21]. The OTF
consistsof the modulationtransferfunction (MTF) encod-
ing thechangen amplitudeandthe phaseransferfunction
(PTF)encodinghe phasddifference:

jO(s)=I(s)i
(O(s)  (1(s)

wherel isaninputsinewave with frequeng s andphase ,
O is thecorrespondingutputsinewave with the samefre-
gueng but possiblydifferentamplitudeand phase.Using
the principle of superpositiorfor linear systems,an arbi-
trary input signalcanbe decomposeih its frequengy com-
ponentssia Fouriertransformmultiplied with the OTF, and
transformedback usinginverseFourier transformto com-
putethe systems responsdo theinput signal.

MTF(s)
PTHS)

3.1 SlantedEdgeAnalysisfor Three-Dimensional
RangeScanningSystems

The OTF of a sampledmagingsystemsuchasa digital
cameracan be computedusing the knife-edgetechnique.
While servingwell for traditionalanalogsystemsthistech-
niguehascertainproblemavhendealingwith sampledsys-
temssuchasdigital cameras.As one of theseproblemsis
undersamplingit is necessaryo improve the spatialreso-
lution of thedevice. The OTF canbe measuredeyondthe
Nyquistfrequeng of the device by placingan edgetarget
slightly off-perpendiculato the scanningaxesandaverag-
ing multiple scanlines (seeFigure 2). Herebya whole di-
mensionis sacri cedto overcomethe Nyquistlimit.

We are using a slightly slantededgeof a cubeinstead
of a at knife-edgetargetin orderto measurehe OTF of a
3D scannerA stepedgefunctioncorrespondinglirectly to
a knife-edgetarget would be mathematicallybetterto an-
alyze the frequeng response. It introduceshowever the
problemof mixed pixels [9] which is of interestfor long
rangescanner$ut not necessariljor objectacquisition.

The targetedgeshouldbe as sharpand straightas pos-
sible and the two surfacesadjacentto the edgeshouldbe
diffusere ecting and at. The angleof the edgecanalso
in uence themeasuremen@sshovn in Section5.2.



edge location

Figure 2. Registration and superposition of
scanned points. After sampling the slanted
edge with a regular sampling grid (top), the
points are registered along the edge location
(middle), and projected onto a plane to form
a superresolution edge prole (bottom).

The largerthe distanceto the tamgetis, the further away
arethesamplepointsfrom eachother Notethatthe Nyquist
frequeng canonly be determinedf the samplepointsare
evenly spacedi.e., thescanis notanarbitraryunstructured
pointcloudandif thescanshovsa at surfaceperpendicu-
lar to the scanningdirection. If the scanningdevice returns
pointsonagrid, it is however possibleto computethe aver-
agedistancebetweemeighboringpointsin a certainregion
from which an estimateof the Nyquist frequeng canbe
computed.

The focus of the device also affects the frequeny re-
sponseat the target edge. The edgeshouldthereforebe
exactly in focus. If the scanneiis equippedwith an auto-
focus system,the focus settingshouldbe veri ed because
focusingexactly on a sharpedgecanbedif cult.

3.2 Data Processing

Ourdataprocessingtartsoncea singlescanof aslanted
edgehasbeenacquired.Thescanis savedasarangeimage

retainingthe individual scanlines. Next, it is automatically
segmentedby a histogrambasedechniqueusinglocal nor-
mals. Two least-squareglanesare tted to thereliabledata
pointson both sidesof the edgewhich excludesthe central
region neartheedgeandnoisyor incompletelysampledar
eas. The intersectionof the planesis usedto registerthe
individual scanlines to one of the coordinateaxes of the
scannes imaging sensorby a simple shearingoperation.
All datapointsarethenprojectedontoa planeperpendicu-
lar to the registeredline of intersectionto form the super
resolutionedgepro le (seeFigure?2). Likewise,a“perfect”
edgepro le is computedfrom the shearedversionof the
tted planes.

3.3 Data Analysis

The two generatedro les arethenresampledoerpen-
dicularto thebisectingine of theperfectpro le into 2" bins
centerechroundthe peakof the pro le usingtwofold over-
sampling comparedto the estimatedNyquist frequeng.
Herebysomesamplesrediscardedat bothendsof the pro-

les. Theendsof thebinnedpro les aremovedto the hori-
zontal axis andthe pro les are componentwisenultiplied
with a modi ed Welch window [16]. Theneachpro le

is rotatedaroundone end point by 180 in orderto con-
tinue it periodically The goal of theseoperationss that
the only high frequeng featuresof thepro les arethetwo
peaks. Continuationerrorsaroundthe zeroline are sup-
pressedFigure3 shovsthetwo pro les.

Now the Fourier transformcanbe appliedto eachpro-

le. If thewhole procesontainsno numericalerrors,the
even Fourier coefcients shouldall be zeroandwe there-
fore neglectthemwhencalculatingthe MTF estimate.The
MTF estimateis then calculatedby dividing the absolute
valueof the odd Fourier coefcients of the scannedro le
by thecorrespondingrouriercoefcients of theperfectpro-
le. Figure5 shavs plotsof the Fouriercoefcients andthe
calculatedVITF estimate.

4 The“ldeal” Modulation Transfer Function

Before we continueby analyzingdifferent MTF mea-
surementsye rst raisethequestiorhow anMTF plot can
beinterpretecandwhatthe“ideal” MTF lookslike.

For the caseof a 2D imaging systemsuchas a digital
cameraBurnsandWilliams [5] separat¢heareaof anMTF
plot into several regions as givenin Figure4. Theideal
MTF shouldfall completelyinside a sweetspotstartingat
aunity modulationtransferfor a constansignal. The mod-
ulus at the Nyquist frequeng shouldbe around0.1 — the
resolutionlimit given by the Rayleighcriterion[4, 20]. If
the MTF falls off too fast,high spatialfrequenciesaresup-
presse@ndtheimagelooksblurry. An MTF thatfalls par
tially into the sharpeningegion above the sweetspotindi-
categhatthereis adangerof oversharpeningedgeringing,
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Figure 3. The superresolution and the “per -
fect” edge prole for asingle scan. The insert
shows a magnied view of the positive peak.

andincreasedoise.A signi cant amountof signalbeyond
theNyquistfrequeng indicatesundersamplingf thescene
leadingto aliasingartifactsin theacquiredmages.

4.1 Three-DimensionalSystems

Whereasnostimagesareviewedascapturecdbr with mi-
nor post-processingpplied,3D rangescansareoftenonly
theinput datafor along chainof processingteps.Multiple
scansarefor examplealignedandmeigedinto asinglepoint
cloud from which eventuallya three-dimensionahodel of
the scannedbjectis generated Eachoperationin uences
theoverallMTF.

A generallydesirablepropertyis however that signals
upto acertainfrequeny shouldbe presered,i.e.,theMTF
shouldbe unity to ensurea faithful representation Lik e-
wise,the MTF shouldbe zerofor high frequenciego sup-
pressnoise. Whethera steepfalloff with the potential of
ringing artifactsor a slow falloff that smoothlysuppresses
higherfrequenciess betterremainsto be determined.

Merging multiple rangescanscan potentially increase
theoverall samplingrate. The meilgedscancanin thatway
samplea signalcorrectlyevenif it containssubstantiafre-
gueny componentdeyondthe Nyquistfrequeng of each
individual scan.This approactis relatedto theway the su-
perresolutioredgeis constructedor our MTF measurement
technique.

5 Empirical Analysis

We testedour approactwith a Minolta VI-910 lasertri-
angulationscannetthat acquiresup to 307,000pointsin a
singlescanby sweepingalaserplanethroughspaceandob-
servingthere ected light. A 25 mm lenswasmountedon
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Figure 4. The ideal MTF for a 2D imaging sys-
tem (adapted from Burns and Williams [5]).
An MTF should ideally fall inside the “sweet
spot”. Different regions around it can be cor-
related with visib le artifacts in the acquired
images.

thescannelandno ltering wasappliedto thescanaunless
notedotherwise.More detailsaboutthe scannespeci ca-
tion areavailableat the Minolta website [13]. Thescanner
wascontrolledby Minolta's PolygonEditing Tool software.

Finding suitabletesttargetsis dif cult asthey have to
containa sharpedgewith aresolutionlargerthanthe mea-
suredMTFs. For our testswe useddark gray blocks of
rigid PVC with precisionmilled edgesof 80 , 90 , and
100 edgeangle. The edgelengthsvariedbetween?5 and
108 mm. The resultsbelov andin Section6 suggesthat
the edgesare of sufcient quality, however anindependent
testshouldbe performedn thefuture.

Thecompleteestsetupfor onecon gurationis depicted
in Figurel.

5.1 Analysisof a SingleScan

The pro les in Figure 3 were computedfrom a single
rangescanof the 90 targetconsistingof 159,780surface
pointsto which the noise Iter of the PolygonEditing Tool
wasapplied(seeSection6.2). After binning the datainto
2048binsandapplyingthe Fouriertransformggvenandodd
Fouriercoefcients areplottedin separatgraphs(seeFig-
ure 5). The horizontalaxis is labeledin multiples of the
samplingresolution. Note thatthe even coefcients of the
perfectedgeare seseral ordersof magnitudesmallerthan
the odd coefcients. Furthermorethe even coefcients of
the scannededgestay on a constantnoise level which is
alsoreachedby the odd coefcients around0.9 timesthe
samplingresolution.

The MTF plot is quite noisy which could be improved
by smoothingt, averagingmultiple plots,or by Itering the
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in Figure 3. Odd (left) and even (middle) coef cients of

the FFT on a logarithmic scale. Note the diff erent orders of magnitude . Right: MTF plot for the odd

coef cients.
shows the twofold super sampling.

inputdatasuchasin [8]. Neverthelessthegenerakhapeof
the curwe is clearly visible and shavs for examplea quite
substantiatontribution beyondthe estimatedNyquistlimit
which is a potentialsourceof aliasing. Furthermorethe
plot hasaclearminimumbetweerD.8and1.0causedy the
smoothingeffectof thenoiseremoval (seeSection6.2for a
detailedcomparison).The signalbeyond the samplingfre-
gueny seemgo be causedy remainingnoisein theinput
datawhich is con rmed by the resultsof the repeatability
testin Section5.2.

5.2 Repeatability and Robustness

As a repeatabilitytest, we performed20 scansof the
90 tamgetwith constanscannesettingsvherewe slightly
variedthe position and orientationof the testtarget. Fig-
ure6 shavsaplot of theaverageMTF computedrom these
scansandthe standarddeviation per coefcient. While the
techniquegetsunreliablefor high frequenciedbeyondtwice
the Nyquist limit, it shows thatthe MTF canbe recovered
quiterobustly for frequenciesip to this point.

To evaluatehow muchthe resultsdependon the edge
angleof thetesttarget, we performeda testserieswith the
80 , 90 , and 100 testtargetsand the VI-910 with no

Itering applied. Eachtargetwasscanned timesandan-

alyzed(seeFigure 7). The averagedMTF plots show that
the generalshapes largely independenof the edgeangle.
Higherfrequenciearehoweversuppresseil thetargetan-
gle getssmaller In principle, this could be a quality prob-
lem of thetarget. We presumenowever thatthe main prob-
lem lies in the factthat sharperanglededgesare harderto

digitize. It is thereforelikely that smoothingerrorsoccur
at higherfrequencies.Although this behavior violatesthe
linearsystemassumptior(thereis no uniqueMTF(s) for a
givenfrequeng s), westill believethatouranalysids appli-

cableandcanhelpto understandhe behaior of ascanning
device.

The scale of the horizontal axis is derived from the estimated Nyquist frequency and
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Figure 6. Average MTF for 20 scans and stan-
dard deviation per frequency.

6 Further Examples

We shaw in this sectionsereral effectsthat can be ob-
senedby analyzingheMTF of a3D scannerWe rst com-
parethe MTFs computedor horizontalandverticaledges,
shav thenthe effectsof different Itering operationsand

nally comparehe MTFs of two differentscannemodels.

6.1 Horizontal and Vertical MTF

Thescanningorincipleof sweepingalaserplaneandob-
servingthere ectionsontheobjectsis a highly anisotropic
processThis canleadto asymmetriesn the MTFs for hor-
izontal andvertical edgedirections. This phenomenoican
for examplebe obsenedfor atbed imagescannersvhere
a linear sensoris moved acrossthe scan[20]. It is there-
fore advisableto atleastcomputeMTFs for bothdirections
usinghorizontalandverticaledgeq17].
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Figure 7. Average MTF for 3 scans and diff er-
ent test targets with edge angles of 80 , 90 ,
and 100 .
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Figure 8. Comparison between the MTFs for
a horizontal and a vertical edge.

The asymmetryof the MTF is con rmed by the plots
in Figure 8; the falloff is steeperfor the horizontaledge
MTF. This canbe causedy the factthatthe vertical edge
MTF is mainly determinedy theresolutionof theimaging
sensomwhile the horizontaledgeMTF dependsaswell on
severalotherfactorssuchasthe numberof positionsof the
laserplaneor thewidth of thelaserline. Furthermorelaser
positiondetectioncanbe moredif cult whenthe projected
laserline is almostparallelto the edge.

6.2 ScanProcessing

TheMinolta PolygonEditing Tool allowstheapplication
of several Iters to a captured3D scanafterthe acquisition
but beforeexporting the data: noise Itering , high quality,
anda combinationof the two. The effectsof this Itering
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Figure 9. Inuence of export lter s on the
MTF. No lIter , the high quality lter , the noise
Iter , and the noise+ high quality lter were
applied to the same scan. The bottom row
shows shaded scans of parts of the edge
where some smoothing effect of the noise I-

ter is visib le (from left to right: no lter , high

quality , noise , high quality + noise)

on the scanandon the computedVTFs areshavn in Fig-
ure9. It canbeclearly seenthatthe noise lter suppresses
afrequeng bandaroundandbeyondtheNyquistfrequeny
whereaghe high quality Iter hasarathersmallin uence
onthe MTF. The combinationof both Iters hasalmostno
additionaleffect on the MTF comparedo the noise Iter
alone.

After exporting,the PolygonEditing Tool alsooffersthe
possibility to smooththe scannedbject. We appliedthis
Iter 0,1, 5, and10timeswith a weightof 0.5to the same
scanusedabove. The resultingMTFs are shavn in Fig-
ure 10. It canbe seenthatthe MTF dropsmuchearlierif
more smoothingis applied. The imagesof the smoothed
edgesshaw lessaliasingthantheun Itered version.

6.3 ScannerComparison

When comparingMTFs of differentscannerswith dif-
ferentresolutionsand consequenthalso different Nyquist
limits, either a relative or an absolutecomparisoncan be
performed.For a relative comparisonthe MTFs have to be
normalizedto the Nyquistfrequeng. Thenthe plotsallow
a comparisorof how well the scannerdehae within their
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Figure 10. Inuence of smoothing. The
smoothing operation of the Polygon Editing
Tool is 0, 1, 5, and 10 times applied to the
un ltered edge scan from Figure 9 with pa-
rameter setting 0.5. The corresponding ren-
derings of parts of the edge. The effect of the
smoothing operation is clearly visib le.

respectre theoreticallimits. For an absolutecomparison,
the MTFs have to be normalizedto the sameresolutionso
thatthe behavior for samescaledetailscanbe compared.

We includeda Minolta VI-700 — an earliermodelthan
the Minolta VI-910 with lower resolution— in the test. Ta-
ble 1 givesthe details of two analyzedtest scanswhose
MTFs are presentedn Figure11. The plot shows thatthe
responsef the VI-700 is quite at up to the Nyquistlimit
andthendropsquickly which meanghatthescanneshould
not suffer muchfrom aliasing. Somefrequenciesarehow-
ever exaggeratedvherethe MTF is above unity. Dueto
its higherNyquistlimit, the VI-910 cansamplehigherfre-
guencies.

7 Conclusionand Futur e Work

In this paper we have shavn, thatthe modulationtrans-
fer function of a 3D rangescannercan be robustly deter
mined using a slantededgetechnique. Although dealing
with three-dimensionatiata posessomeadditional prob-
lemscomparedo the MTF measurement®r 2D imaging
devices,thegenerakimplicity of theslantededgetechnique
prevails. A single scanof a target providessufcient data
for the MTF calculation.

1.4 | |
MTF VI-700 ——
MTE VI-910 --mrrrr
121 Nyquist limit VI-700 —— 1
Nyquist limif VI-910 ----------

cycles/mm

Figure 11. An MTF computed for the VI-700
scanner. Note the diff erences compared to
the VI-910. The horizontal axes have been
rescaled to allow for an absolute comparison
of the two scanner s (see Section 6.3).

| | VI-910 | VI-700 |
number of points usedfor | 159,778 | 19,336
superresolution
numberof bins usedfor su- 512 128
perresolution
average distance between| 0.167972| 0.440337
sampledpointsin mm

Table 1. Values used for computing the MTF
estimates shown in Figure 11

There remain some open questionsfor future work.
Theseinclude the bestchoiceof materialand surface n-
ish for thetesttargetsaswell asperformingtestserieswith
differenttarget materials.Anotherquestionis — asalready
raisedin Section4 — to determinewhat the “ideal” MTF
shouldlook likeandhow anMTF shouldthereforebeinter-
pretedfor 3D scanners.This will stronglydependon fur-
therprocessingtepsappliedto the scan. Furthermorewe
would like to comparemultiple scannerdasedon different
scanningprinciples.
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