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Abstract

Weestimatetheaccuracyof a 3D rangescannerin terms
of its spatialfrequencyresponse. We determinea scanner's
modulationtransferfunction(MTF) in order to measure its
frequencyresponse. A slantededge is scannedfromwhich
wederivea superresolutionedge pro�le . Its Fourier trans-
form is comparedto theFourier transformof an idealedge
in order to determinetheMTF of thedevice. Thisallowsus
to determinehowwell smalldetailscanbeacquiredby the
3D scanner. We report theresultsof several measurements
with two scannersundervariousconditions.

1 Intr oduction

Numerous3D rangescanningdevices utilizing many
different acquisition technologieshave beenbuilt in the
last decadesby industrial as well as academicdevelop-
ers[2, 3, 6, 18]. Comparingtheir performancein termsof
accuracy is howeverdif�cult aseachsystemhasits speci�c
strengthsandweaknessessothataccuracy dependsheavily
on thetesttargetsandmeasurementconditionsused[6]. A
systemthatcanfaithfully digitizeasmoothsurfaceof anob-
ject might not beableto acquirea sharpedgebetweentwo
surfaceswith suf�cient accuracy. Beraldinet al. [1] used
thereforemultiple test targetsto determinethe accuracy –
thedeviation from theexactshape– of rangescanningsys-
temsfor variousconditions.

In contrastto previous work, we determinethe accu-
racy of a rangescanningsystemin termsof its spatialfre-
quency responseor its opticaltransferfunction(OTF). The
OTF determinesthe ability of the scanningsystemto re-
producedifferentspatialfrequenciespresentin an object.
Sharpedgesof an object to be scannedcontainarbitrarily
high spatialfrequency components.A rangescanningsys-
tem which samplesa �nite numberof surfacepointswill
never beableto reproducea sharpedgefaithfully unlessit
makessomeassumptionsaboutfeaturespresentin theorig-

Figure 1. The setup used for test scans con­
sisting of a Minolta VI­910 laser rang e scan­
ner and the 90 � calibration target.

inal scene.Whetherthereconstructededgelooksblurry or
shows aliasingartifactsdependson the OTF of the scan-
ning systemresp.its modulationtransferfunction (MTF),
theamplitudeof theOTF.

Our work is inspiredby theelegantandaccurateslanted
edgeOTF measurementtechnique[17] for 2D imagingde-
vicessuchasdigital camerasor scannersandextendsit into
thethird dimension.In principle,a singlescanof a testtar-
getcontainingastraightsharpedgeis suf�cient to compute
anestimateof theOTF. Oncesucha testtargetis available,
averysimpleacquisitionsetupsuchasdepictedin Figure1
is suf�cient to performthis analysis.

Thispaperis organizedasfollows: afterareview of pre-
vious work we explain our measurementprinciple in Sec-
tion 3. We thendiscusswhatanidealMTF lookslike (Sec-
tion 4) andshow theresultsof anempiricalanalysisof the
proposedtechniquein Section5. Section6 givesseveral
examplesof MTFs measuredundervariousconditions.We
thenconcludewith anoutlookon futurework in Section7.



2 PreviousWork

We�rst review somepreviouswork on3D rangescanner
accuracy andfocusthenon methodsto determinetheOTF
of continuousandsampledsystems.

2.1 RangeScannerAccuracy

Accuracy is commonlyde�nedastheclosenessof agree-
mentbetweentheresultof a measurementandthevalueof
the measurand[19]. Standardaccuracy testsfor 3D range
scannersareoften basedon lengthmeasurementtestsde-
velopedfor coordinatemeasurementsystemsor for pho-
togrammetry[2, 11]. HebertandKrotkov [9] for example
usemultiple measurementsof targetswith known ground
truthdistanceandcomputetheRMSerror. Mostcommonly,
accuracy is speci�ed asrangeaccuracy or asa multiple of
thestandarddeviation� of aGaussian�tted to themeasure-
mentresults[7].

Chenet al. [6] point out that theseaccuracy valuescan
only be comparedif a standardmeasurementprocedureis
usedincludinganexactspeci�cationof thetesttargets.The
test targetsshould furthermorecontain the samefeatures
suchascurvedsurfacesor sharpedgesthatareencountered
duringthepracticaluseof thescanner[1].

2.2 OTF Measurement

Characterizingimagingdevicesby theirOTF is anestab-
lishedtechniquesincemany decades– anoverview canbe
foundfor examplein [21]. Therearemany techniquesbased
on the observation of edgegradients,sine waves, square
waves,or otherfeaturesto determinetheOTF of a continu-
oussystem.UsingtheRayleighcriterion[4], theresolution
of thesystemcanbeeasilydeterminedfrom theOTF [20].
Direct applicationof thesetechniquesto sampledsystems
is however dif�cult due to noise,undersampling,and the
anisotropicsamplingperformedby mostsampledimaging
systems[17].

Reichenbachet al. [17] introduceda knife-edgetech-
nique for OTF measurementof sampledimagingsystems
wherea superresolutionedgepro�le is computedfrom an
image of a slantededge. Multiple scanlines are regis-
teredto eachother and combinedinto a single edgepro-
�le to overcomethe dif�culties dueto undersamplingand
anisotropicsamplingproblems. Noise can be suppressed
by smoothingor by moreadvanced�ltering techniques[8].
Themethodis now partof several ISO standardsfor reso-
lution measurementssuchas[10] but canalsorevealmany
othercharacteristicsof animagingsystem[5, 20, 14].

Miles et al. [12] determinedtheOTF of anintensityim-
ageacquiredby a ladar rangeimagingsystem. They did
howevernotanalyzetheOTF of theassociatedrangedata.

In contrastto theseapproaches,we measurethe mod-
ulation transferfunction of a 3D scanningdevice usinga

singleacquiredrangeimage.We usetheMTF to derive an
accuracy measurefor rangescanningsystemsthat specif-
ically takesthe performanceat objectedgesinto account.
Somework on this hasalreadybeenreportedby Paakkari
andMoring [15] who includedasetof 3D bargratingsinto
theirperformancetestsof rangeimagingdevicesandcarried
out somelimited experimentsto determinethe frequency
responseof a rangeimagingsensor.

3 MeasurementPrinciple

Theopticaltransferfunction(OTF) describesthespatial
responseof a linear system. It is commonlyusedto de-
scribetheperformanceof anopticalsystem[21]. TheOTF
consistsof themodulationtransferfunction (MTF) encod-
ing thechangein amplitudeandthephasetransferfunction
(PTF)encodingthephasedifference:

MTF(s) = jO(s)=I (s)j

PTF(s) = � (O(s)) � � (I (s))

whereI is aninputsinewavewith frequency s andphase� ,
O is thecorrespondingoutputsinewave with thesamefre-
quency but possiblydifferentamplitudeandphase.Using
the principle of superpositionfor linear systems,an arbi-
trary input signalcanbedecomposedin its frequency com-
ponentsvia Fouriertransform,multipliedwith theOTF, and
transformedbackusing inverseFourier transformto com-
putethesystem's responseto theinput signal.

3.1 SlantedEdgeAnalysisfor Thr ee­Dimensional
RangeScanningSystems

TheOTF of a sampledimagingsystemsuchasa digital
cameracan be computedusing the knife-edgetechnique.
While servingwell for traditionalanalogsystems,this tech-
niquehascertainproblemswhendealingwith sampledsys-
temssuchasdigital cameras.As oneof theseproblemsis
undersampling,it is necessaryto improve thespatialreso-
lution of thedevice. TheOTF canbemeasuredbeyondthe
Nyquist frequency of the device by placingan edgetarget
slightly off-perpendicularto thescanningaxesandaverag-
ing multiple scanlines (seeFigure2). Herebya wholedi-
mensionis sacri�cedto overcometheNyquistlimit.

We are usinga slightly slantededgeof a cubeinstead
of a �at knife-edgetargetin orderto measuretheOTF of a
3D scanner. A stepedgefunctioncorrespondingdirectly to
a knife-edgetarget would be mathematicallybetterto an-
alyze the frequency response. It introduceshowever the
problemof mixed pixels [9] which is of interestfor long
rangescannersbut notnecessarilyfor objectacquisition.

The targetedgeshouldbe assharpandstraightaspos-
sible and the two surfacesadjacentto the edgeshouldbe
diffusere�ecting and�at. The angleof the edgecanalso
in�uence themeasurementsasshown 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
(mid dle), and projected onto a plane to form
a superresolution edge pro�le (bottom).

The larger thedistanceto the target is, the furtheraway
arethesamplepointsfrom eachother. NotethattheNyquist
frequency canonly be determinedif thesamplepointsare
evenlyspaced,i.e., thescanis notanarbitraryunstructured
pointcloudandif thescanshowsa �at surfaceperpendicu-
lar to thescanningdirection. If thescanningdevice returns
pointsonagrid, it is howeverpossibleto computetheaver-
agedistancebetweenneighboringpointsin acertainregion
from which an estimateof the Nyquist frequency can be
computed.

The focus of the device also affects the frequency re-
sponseat the target edge. The edgeshould thereforebe
exactly in focus. If the scanneris equippedwith an auto-
focussystem,the focussettingshouldbe veri�ed because
focusingexactlyona sharpedgecanbedif�cult.

3.2 Data Processing

Ourdataprocessingstartsonceasinglescanof aslanted
edgehasbeenacquired.Thescanis savedasarangeimage

retainingtheindividualscanlines. Next, it is automatically
segmentedby a histogrambasedtechniqueusinglocal nor-
mals.Two least-squaresplanesare�tted to thereliabledata
pointson bothsidesof theedgewhich excludesthecentral
regionneartheedgeandnoisyor incompletelysampledar-
eas. The intersectionof the planesis usedto register the
individual scanlines to one of the coordinateaxesof the
scanner's imaging sensorby a simple shearingoperation.
All datapointsarethenprojectedontoa planeperpendicu-
lar to the registeredline of intersectionto form the super-
resolutionedgepro�le (seeFigure2). Likewise,a“perfect”
edgepro�le is computedfrom the shearedversionof the
�tted planes.

3.3 Data Analysis

The two generatedpro�les are thenresampledperpen-
dicularto thebisectingline of theperfectpro�le into 2n bins
centeredaroundthepeakof thepro�le usingtwofold over-
sampling comparedto the estimatedNyquist frequency.
Herebysomesamplesarediscardedatbothendsof thepro-
�les. Theendsof thebinnedpro�les aremovedto thehori-
zontalaxis andthe pro�les arecomponentwisemultiplied
with a modi�ed Welch window [16]. Then eachpro�le
is rotatedaroundoneendpoint by 180� in order to con-
tinue it periodically. The goal of theseoperationsis that
theonly high frequency featuresof thepro�les arethetwo
peaks. Continuationerrorsaroundthe zero line are sup-
pressed.Figure3 showsthetwo pro�les.

Now the Fourier transformcanbe appliedto eachpro-
�le. If thewholeprocesscontainsno numericalerrors,the
even Fourier coef�cients shouldall be zeroandwe there-
fore neglectthemwhencalculatingtheMTF estimate.The
MTF estimateis then calculatedby dividing the absolute
valueof theoddFouriercoef�cients of thescannedpro�le
by thecorrespondingFouriercoef�cients of theperfectpro-
�le. Figure5 showsplotsof theFouriercoef�cients andthe
calculatedMTF estimate.

4 The “Ideal” Modulation Transfer Function

Before we continueby analyzingdifferent MTF mea-
surements,we �rst raisethequestionhow anMTF plot can
beinterpretedandwhatthe“ideal” MTF lookslike.

For the caseof a 2D imaging systemsuchas a digital
camera,BurnsandWilliams [5] separatetheareaof anMTF
plot into several regions as given in Figure 4. The ideal
MTF shouldfall completelyinsidea sweetspotstartingat
a unity modulationtransferfor aconstantsignal.Themod-
ulus at the Nyquist frequency shouldbe around0.1 – the
resolutionlimit given by the Rayleighcriterion [4, 20]. If
theMTF falls off too fast,high spatialfrequenciesaresup-
pressedandtheimagelooksblurry. An MTF thatfalls par-
tially into thesharpeningregion above thesweetspotindi-
catesthatthereis adangerof oversharpening,edgeringing,



-40

-30

-20

-10

 0

 10

 20

 30

 40

 0  1024  2048

bin number

scanned profile
perfect profile

Figure 3. The superresolution and the “per ­
fect” edge pro�le for a single scan. The inser t
sho ws a magni�ed view of the positive peak.

andincreasednoise.A signi�cant amountof signalbeyond
theNyquistfrequency indicatesundersamplingof thescene
leadingto aliasingartifactsin theacquiredimages.

4.1 Thr ee­DimensionalSystems

Whereasmostimagesareviewedascapturedor with mi-
nor post-processingapplied,3D rangescansareoftenonly
theinputdatafor a longchainof processingsteps.Multiple
scansarefor examplealignedandmergedinto asinglepoint
cloudfrom which eventuallya three-dimensionalmodelof
thescannedobjectis generated.Eachoperationin�uences
theoverallMTF.

A generallydesirableproperty is however that signals
upto acertainfrequency shouldbepreserved,i.e.,theMTF
shouldbe unity to ensurea faithful representation.Like-
wise, theMTF shouldbezerofor high frequenciesto sup-
pressnoise. Whethera steepfalloff with the potentialof
ringing artifactsor a slow falloff that smoothlysuppresses
higherfrequenciesis betterremainsto bedetermined.

Merging multiple rangescanscan potentially increase
theoverall samplingrate.Themergedscancanin thatway
samplea signalcorrectlyevenif it containssubstantialfre-
quency componentsbeyondtheNyquist frequency of each
individualscan.This approachis relatedto theway thesu-
perresolutionedgeis constructedfor ourMTF measurement
technique.

5 Empirical Analysis

We testedour approachwith a Minolta VI-910 lasertri-
angulationscannerthat acquiresup to 307,000points in 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 ideall y fall inside the “s weet
spot”. Diff erent regions around it can be cor ­
related with visib le artifacts in the acquired
images.

thescannerandno �ltering wasappliedto thescansunless
notedotherwise.More detailsaboutthescannerspeci�ca-
tion areavailableat theMinolta website[13]. Thescanner
wascontrolledby Minolta'sPolygonEditingTool software.

Finding suitabletest targetsis dif�cult as they have to
containa sharpedgewith a resolutionlargerthanthemea-
suredMTFs. For our testswe useddark gray blocks of
rigid PVC with precisionmilled edgesof 80 � , 90 � , and
100� edgeangle.Theedgelengthsvariedbetween75 and
108 mm. The resultsbelow andin Section6 suggestthat
theedgesareof suf�cient quality, however an independent
testshouldbeperformedin thefuture.

Thecompletetestsetupfor onecon�gurationis depicted
in Figure1.

5.1 Analysisof a SingleScan

The pro�les in Figure 3 were computedfrom a single
rangescanof the90 � targetconsistingof 159,780surface
pointsto which thenoise�lter of thePolygonEditing Tool
wasapplied(seeSection6.2). After binning the datainto
2048binsandapplyingtheFouriertransform,evenandodd
Fouriercoef�cients areplottedin separategraphs(seeFig-
ure 5). The horizontalaxis is labeledin multiples of the
samplingresolution.Note that theevencoef�cients of the
perfectedgeareseveral ordersof magnitudesmallerthan
the oddcoef�cients. Furthermore,the even coef�cients of
the scannededgestay on a constantnoiselevel which is
also reachedby the odd coef�cients around0.9 times the
samplingresolution.

The MTF plot is quite noisy which could be improved
by smoothingit, averagingmultipleplots,or by �ltering the
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Figure 5. Data computed from the pro�les in Figure 3. Odd (left) and even (mid dle) coef�cients of
the FFT on a logarithmic scale . Note the diff erent orders of magnitude . Right: MTF plot for the odd
coef�cients. The scale of the horizontal axis is derived from the estimated Nyquist frequenc y and
sho ws the twofold super sampling.

inputdatasuchasin [8]. Nevertheless,thegeneralshapeof
the curve is clearly visible andshows for examplea quite
substantialcontributionbeyondtheestimatedNyquistlimit
which is a potentialsourceof aliasing. Furthermore,the
plot hasaclearminimumbetween0.8and1.0causedby the
smoothingeffectof thenoiseremoval (seeSection6.2for a
detailedcomparison).Thesignalbeyondthesamplingfre-
quency seemsto becausedby 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 � targetwith constantscannersettingswhereweslightly
variedthe positionandorientationof the test target. Fig-
ure6 showsaplot of theaverageMTF computedfrom these
scansandthestandarddeviation percoef�cient. While the
techniquegetsunreliablefor high frequenciesbeyondtwice
theNyquist limit, it shows that the MTF canbe recovered
quiterobustly for frequenciesup to thispoint.

To evaluatehow much the resultsdependon the edge
angleof thetesttarget,we performeda testserieswith the
80 � , 90 � , and 100� test targetsand the VI-910 with no
�ltering applied. Eachtargetwasscanned3 timesandan-
alyzed(seeFigure7). The averagedMTF plots show that
thegeneralshapeis largely independentof theedgeangle.
Higherfrequenciesarehoweversuppressedif thetargetan-
gle getssmaller. In principle, this couldbea quality prob-
lem of thetarget.We presumehowever thatthemainprob-
lem lies in the fact that sharperanglededgesareharderto
digitize. It is thereforelikely that smoothingerrorsoccur
at higher frequencies.Although this behavior violatesthe
linearsystemassumption(thereis no uniqueMTF(s) for a
givenfrequency s), westill believethatouranalysisis appli-
cableandcanhelpto understandthebehavior of ascanning
device.
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Figure 6. Average MTF for 20 scans and stan­
dard deviation per frequenc y.

6 Further Examples

We show in this sectionseveral effects that canbe ob-
servedbyanalyzingtheMTF of a3D scanner. We�rst com-
paretheMTFs computedfor horizontalandverticaledges,
show then the effectsof different �ltering operations,and
�nally comparetheMTFsof two differentscannermodels.

6.1 Horizontal and Vertical MTF

Thescanningprincipleof sweepingalaserplaneandob-
servingthere�ectionson theobjectsis ahighly anisotropic
process.Thiscanleadto asymmetriesin theMTFs for hor-
izontalandverticaledgedirections.This phenomenoncan
for examplebeobservedfor �atbed imagescannerswhere
a linear sensoris moved acrossthe scan[20]. It is there-
foreadvisableto at leastcomputeMTFs for bothdirections
usinghorizontalandverticaledges[17].
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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 ver tical edge.

The asymmetryof the MTF is con�rmed by the plots
in Figure 8; the falloff is steeperfor the horizontaledge
MTF. This canbe causedby the fact that theverticaledge
MTF is mainlydeterminedby theresolutionof theimaging
sensorwhile the horizontaledgeMTF dependsaswell on
severalotherfactorssuchasthenumberof positionsof the
laserplaneor thewidth of thelaserline. Furthermore,laser
positiondetectioncanbemoredif�cult whentheprojected
laserline is almostparallelto theedge.

6.2 ScanProcessing

TheMinolta PolygonEditingTool allowstheapplication
of several�lters to a captured3D scanaftertheacquisition
but beforeexporting thedata: noise�ltering , high quality,
anda combinationof the two. The effectsof this �ltering
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Figure 9. In�uence of expor t �lter s on the
MTF. No �lter , the high quality �lter , the noise
�lter , and the noise + high quality �lter were
applied to the same scan. The bottom row
sho ws shaded scans of par ts of the edge
where some smoothing effect of the noise �l­
ter is visib le (from left to right: no �lter , high
quality , noise , high quality + noise)

on thescanandon the computedMTFs areshown in Fig-
ure9. It canbeclearlyseenthat thenoise�lter suppresses
afrequency bandaroundandbeyondtheNyquistfrequency
whereasthehigh quality �lter hasa rathersmall in�uence
on theMTF. Thecombinationof both �lters hasalmostno
additionaleffect on the MTF comparedto the noise�lter
alone.

After exporting,thePolygonEditingTool alsooffersthe
possibility to smooththe scannedobject. We appliedthis
�lter 0, 1, 5, and10 timeswith a weightof 0.5 to thesame
scanusedabove. The resultingMTFs are shown in Fig-
ure 10. It canbe seenthat the MTF dropsmuchearlier if
more smoothingis applied. The imagesof the smoothed
edgesshow lessaliasingthantheun�ltered version.

6.3 ScannerComparison

WhencomparingMTFs of differentscannerswith dif-
ferent resolutionsandconsequentlyalsodifferentNyquist
limits, either a relative or an absolutecomparisoncan be
performed.For a relativecomparison,theMTFs have to be
normalizedto theNyquist frequency. Thentheplotsallow
a comparisonof how well thescannersbehave within their
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Figure 10. In�uence 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 par ts of the edge. The effect of the
smoothing operation is clearl y visib le.

respective theoreticallimits. For an absolutecomparison,
theMTFs have to be normalizedto thesameresolutionso
thatthebehavior for samescaledetailscanbecompared.

We includeda Minolta VI-700 – an earliermodel than
theMinolta VI-910 with lower resolution– in thetest. Ta-
ble 1 gives the detailsof two analyzedtest scanswhose
MTFs arepresentedin Figure11. The plot shows that the
responseof theVI-700 is quite �at up to theNyquist limit
andthendropsquickly whichmeansthatthescannershould
not suffer muchfrom aliasing.Somefrequenciesarehow-
ever exaggeratedwherethe MTF is above unity. Due to
its higherNyquist limit, theVI-910 cansamplehigherfre-
quencies.

7 Conclusionand Future Work

In this paper, we have shown, that themodulationtrans-
fer function of a 3D rangescannercanbe robustly deter-
mined using a slantededgetechnique. Although dealing
with three-dimensionaldata posessomeadditional prob-
lemscomparedto theMTF measurementsfor 2D imaging
devices,thegeneralsimplicity of theslantededgetechnique
prevails. A singlescanof a target providessuf�cient data
for theMTF calculation.
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Figure 11. An MTF computed for the VI­700
scanner . Note the diff erences compared to
the VI­910. The horizontal axes have been
rescaled to allo w for an absolute comparison
of the two scanner s (see Section 6.3).

VI-910 VI-700

number of points used for
superresolution

159,778 19,336

numberof bins usedfor su-
perresolution

512 128

average distance between
sampledpointsin mm

0.167972 0.440337

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

There remain some open questionsfor future work.
Theseincludethe bestchoiceof materialandsurface�n-
ish for thetesttargetsaswell asperformingtestserieswith
differenttargetmaterials.Anotherquestionis – asalready
raisedin Section4 – to determinewhat the “ideal” MTF
shouldlook likeandhow anMTF shouldthereforebeinter-
pretedfor 3D scanners.This will stronglydependon fur-
therprocessingstepsappliedto thescan.Furthermore,we
would like to comparemultiple scannersbasedondifferent
scanningprinciples.
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