
Three-Dimensional Volume Reconstruction of Rice Roots

Filip Sadlo

Diploma Thesis

September 2003

Supervisors: Dr. M.Teschner, Prof. M.Gross





iii

Abstract

Thisthesispresentsamethodto computeavolumetricmodelof anarbitrarily-shapedconvex
object,immersedintoatransparentmediuminsideatransparentcontainer,frommultipleviews.
Differentviewsaregeneratedby rotatingtheobjectin front of astationarycamerausingaturn-
table.Intrinsiccameracalibrationis doneusingdifferentviewsof achessboardpattern.Extrin-
siccameracalibrationis donesemi-automaticallyusingimagesof achessboardpatternrotated
by theturntable.Theimagesof thetransparentcontaineraretakenseparatelyat identicalrota-
tion angles.After thesidewalls of thecontainerhavebeenautomaticallydetectedinsidethese
images,they areusedto model the refraction.Refractionis includedinto the reconstruction
algorithmShape from Silhouettes by incorporating the refraction into the projection model.
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1
1Introduction

Three-dimensionalreconstructionplays an important role in medicine and research.
Although(bio-)chemicalanalysisgivesplentyof information,it is oftennecessaryto correlate
to thethree-dimensionalcharacteristicsof theobjectin question.Especiallycomplexstructures
like roots are supposed to reveal much information through their three-dimensional structure.

In order to aid the subsequentanalysisof the reconstruction,reconstructionaccuracyhas
beenanimportantaspectin thedesignof thepresentedmethod.Thefactthatthereconstructions
arehighly isometrichelpsto avoidseparationof the reconstructedrootsdueto distortionand
provides the basis for (absolute) measurements.

1.1   Problem

Thegoalof thiswork is thethree-dimensionalvolumereconstructionof in-vivo rice roots.For
this, therice plantsaregrownin transparentculturepotscontainingtransparentculturemedia
andtheirrootsarecapturedin front of alight-planefrom differentdirectionswith adigital cam-
era.

1.2   Solution

Theculturepotsareplacedon a steppermotorandcapturedat definedrotationangleswith a
staticcamera.Illumination is doneby placinga staticlight-planebehindthe object.A chess-
boardpatternis alsoput on themotorandcapturedat identicalrotationangles.Theseimages
areusedfor the calibrationof the relativecamerapositions.The imagesof the rootsareseg-
mented,thatmeansbinarizedaccordingto foreground/ background.After thesidewallsof the
culturepotshavebeendetected,volumereconstructionis performedusinga modified Shape
from Silhouettes algorithm that models refraction at the detected side walls.

1.3   Process Overview

The following list shows the usual process and the dependencies.

1. Physical setup, adjustment of view and focus.

2. Acquisitionof thelargechessboardpatternatdifferentpositionsfor intrinsiccameracal-
ibration.
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3. Intrinsic calibration.
4. Acquisition of the small chessboard pattern placed on the motor, at all desired rotation

angles (for extrinsic calibration).
5. Extrinsic calibration.
6. Acquisition of the transparent pot placed on the motor, at identical angles to4.
7. Detection of the pot faces and reconstruction.

Points 6 and 7 arerepeatedfor asmanypotsasdesired.If thesamplinggeometry(theset
of rotationangles)is changed,all pointsfrom 4 haveto berepeated.If thesetuphaschanged
(something under1), then all points have to be repeated.

1.4   Major Contributions

¥ Reconstruction:Wepresentamethodto integraterefractioninto any reconstructionalgo-
rithm thatis basedonprojection.This is doneby includingtherefractioninto theprojec-
tion model.Therefractionis modeledusingplanes.In our case,theplanesareÞt to the
sidewalls of the culturepot. We alsopresenta methodto automaticallydetectthe side
walls of the culture pot.

¥ Calibration:Wepresentamethodfor automaticextrinsiccalibrationrelative to a rotating
calibrationpattern.For this, we show how to extrapolatethe calibrationof an imageat
given rotation angle, from already calibrated images.

¥ Segmentation:We presenta simple but powerful segmentationmethod for sparse
objects, in front of a smooth,but uneven background.First, ßat Þeld correction is
applied,usinga virtual ßat Þeldcomputedfrom the images,usinggray-level dilation.
Then, threshold is taken.

1.5   Thesis Overview

An overviewof usedandrelatedwork is givenin Section2. Section3 describesthehardware
setup,its usage(acquisition)andthepreprocessingof theresultingimages.Section4 dealswith
intrinsiccameracalibrationwhereasSection5 describestheextrinsiccalibration.Thesegmen-
tationof theimagesof therootsinto foregroundandbackgroundis coveredby Section6. The
determinationof therefractionplanes,thesidewalls of theculturepot, is treatedin Section7.
Reconstructionandvisualizationis describedin Section8. Resultsarepresentedin Section9.
AppendixA containsa tableof theprocessdependencies,somedetailsandthecalibrationpat-
terns. AppendixB covers the implementation.
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2
2Related Work

Thischaptergivesanoverviewof usedandrelatedwork. It coversthemainproblemsof the
presentedwork: An overviewof the intrinsic calibrationof thecameragivesSection2.1.The
problemof extrinsiccalibrationof theimagesis treatedin Section2.2.Section2.3describesthe
segmentationof the imagesinto foregroundandbackground.Section2.4 describesthe three-
dimensional reconstruction.

2.1   Intrinsic Calibration

Intrinsic calibrationconsistsof thedeterminationof thecameraÕsfocal length,principalpoint
anddistortion.It is doneusingdifferentviewsof a chessboardpattern.For this, thecornersof
the chessboardpatternaredetectedinside the imagesandpassedto the OpenCVlibrary for
intrinsic calibration according to methods presented in [9] and [10].

2.2   Extrinsic Calibration

Extrinsiccalibrationof animageconsistsof thedeterminationof therotationandtranslationof
theworld coordinatesystemrelativeto thecamera.Forexample,Szeliski[8] usedabinaryring
attachedto therotatingobjectfor extrinsiccalibration.Wecalibrateeachimageindependently
by puttingachessboardontothemotorandtakingimagesof it prior to theacquisitionof therice
roots.After the cornersof the chessboardpatternhavebeendetected,they arepassedto the
OpenCVlibrary for extrinsiccalibration.Theusedalgorithmis supposedto besimilar to the
one used for intrinsic calibration.

2.3   2D Segmentation

Binary imagesaccordingto foreground(rootÕsshadows)andbackground(light plane)arethe
basisfor reconstruction.Becauseadaptivethresholdis notcontrollableenoughfor ourapplica-
tion, we decidedto do the segmentationin two steps:First the imageis normalized,thenthe
thresholdis taken.Normalizationis doneusingFlat Field Correction, thisseemspredestinated
becauseof therelativeuniformity of thebackgroundandthelittle thicknessof therootshadows
insidetheimages.Gray-levelDilation is usedto maketheshadowsvanish,producingavirtual
flat field used for the correction.
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2.4   Reconstruction

Thissectiondescribessomeinvestigatedmethodsfor three-dimensionalvolumereconstruction
from multiple views. First, methodsof the category Shapefrom Photo-Consistencyare
described. The second section describes the methods ofShape from Silhouettes.

2.4.1   Shape from Photo-Consistency

Thesemethodsusetheillumination informationinsidethegray-levelimages.Basedon illumi-
nationmodels,theyareableto reconstructevenconcaveobjectregions.However,thesemeth-
ods need to detect occlusions. Refer to the surveys [2] and [7] for more information.

If the cameraconfigurationsallow that the volumeelementsare topologicallysorted,the
occlusiontest leadsto the one-passmethodsdescribedin Sec.2.4.1.1.Otherwisemulti-pass
methods described in Sec.2.4.1.2 are a possible solution.

2.4.1.1   Plane Sweep and Voxel Coloring

Thesesingle-passmethodsrequirethat the volumeelementscanbe sortedtopologicallyand
thereforethatall cameraslie on thesamesideof theobject.This would restrictour aspectsto
180degrees,producingasymmetriesof thereconstruction,missingviewsanddisablingthepos-
sibility to detecttherefractionplanesautomatically(seeSec.7.4).Thereforethesemethodsare
rejected.For furtherinformationaboutplanesweep,referto [1]. For furtherinformationabout
voxel coloring, refer to [6].

2.4.1.2   Space Carving and other Gray-Level Methods

Althoughthesemulti-passmethodsdonot requirethatthevolumeelementscanbesortedrela-
tive to thecameras,theyrequirestaticillumination.Sincewe decidedto rotatetheobject(see
introductionto Sec.3) insteadof manyor movingcameras,it wouldbenecessaryto rotatealso
theillumination.But on theonehandit is hardto rotatethelight togetherwith theobject,and
on theotherhandit is notcompatiblewith backgroundillumination (producinggoodcontrast).
Thus these methods are rejected too. For further information about space carving refer to [4].

2.4.2   Shape from Silhouettes (Visual Hull)

Thesemethods(refer to surveys[2] and[7]) haveno of therestrictionsof themethodsabove,
but becausetheycarveawayvolumeelementsthatarenot consistentwith thesilhouettes,they
arenotableto reconstructconcaveobjectregions.However,sincericerootsusuallydonotcon-
tain concave object regions, this is no problem for our application.

Becausethebrute-forcealgorithmis very timeconsuming,thereis theneedof anoptimized
version.This methodhasbeenfoundas:Real-TimeOctreeGenerationfrom RotatingObjects
[8].

For analysis of several methods generating octree models from silhouettes, refer to [3].

2.4.3   Refraction

Therecouldnotbefoundanyreconstructionmethodsthatincluderefraction.Therefore,it was
chosento adapt an existing volume-reconstructionmethod.We incorporaterefraction by
includingit into theprojectionmodel.Therefore,anymethodthatis basedonprojectioncanbe
used without modification. This is true for our favorite method (Sec.2.4.2).
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3
3Setup, Acquisition and

Preprocessing

Thissectiondealswith thephysicalsetupandthesubsequentacquisitionprocess.Thesetup
consistsof thehardwareequipmentandits alignment.Theacquisitionprocessconsistsof three
parts,theacquisitionof imagesfor intrinsiccalibration,theacquisitionof theimagesfor extrin-
siccalibrationandtheacquisitionof thedataimagesusedfor reconstruction.Acquisitionis usu-
ally donein this order.After the imagesfor intrinsic andextrinsiccalibrationare taken,an
arbitrary count of culture pots can be sampled using the identical (unchanged) setup.

A well-alignedsetupandpreciseacquisitionarethebasisfor asuccessfulandaccuraterecon-
struction.Becausealignmentandadjustmentof the setuparecomplexproblemswith many
aspects,this sectiongoesinto detailsandalsoservesasmanual.It alsodescribesfabrication
details to enhance the reproducibility of the presented methods.

Section3.1 containssetupconsiderationsandthechosenvariant.Section3.2 describesthe
consequencesof thechosensetup.Section3.3describesthecomponentsof thesetupandtheir
alignment.Section3.4 givesadditionalinformationaboutalignmentof the setup.Section3.5
describesthe three acquisitionmodes,acquisitionfor intrinsic calibration in Section3.5.1,
acquisition for extrinsic calibration in Section3.5.2 and acquisition for reconstructionin
Section3.5.3.Section3.6describestherotaryacquisitionprocessusedby thelattertwo modes.
Preprocessingof theimagesis coveredin Section3.7.And finally, Section3.8showspossible
improvements.

3.1   Setup Considerations

Thereconstructionrequiresdifferentviewsof theobject,aswell asthecorrespondingcamera
calibrations.Thereareseveralwaysto achievethis.Thefirst possibilitywould beto usemany
staticcameras.Thesecondpossibility would be to useoneor moremovingcameras.A third
possibility is to use one or more static cameras and to move the object instead.

It hasbeendecidedto calibrateeachimage-viewindependently,usingimagesof a calibra-
tion pattern,for reducingsystematicerrorsandbecausemanualthree-dimensionalmeasure-
mentsaredifficult andusuallynotpreciseenough.Becauseit is noteasyto integratethepattern
with theview throughthetransparentpots,it hasbeendecidedto taketheimagesof thepattern
separatelyfrom the rice roots,at identicalviews. In the caseof moving cameras,this would
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requireexactlyreproduciblecameramovements.This is hardto achieveandthereforethispos-
sibility is dropped.Therefore,we havethe choicebetweenmanystaticcameraswith a static
objectandfew staticcameraswith a movingobject.We decidedto usea singlestaticcamera
andto rotatetheobject,becauseof lowercostin respectto hardware,usageandsoftware.Since
theimagesof thepatternhaveto becapturedat identicalviews,we needreproduciblerotation
angles. This is accomplished by performing the rotations using a stepper motor.

3.2   Setup Consequences

Thechessboardpatternis laid on themotorandcapturedat thedesiredrotationangles.After
this, thetransparentpot is placedon themotorandcapturedat identicalrotationangles.Other
potscanbecapturedwithouttheneedof capturingthechessboardagain,aslongasthishappens
at identicalrotationanglesandthe setupis not changed.An overviewof the processandthe
dependenciesgivesSection1.3onpage9.Soit is for examplenecessaryto makesurethemotor
is not moved when changing pots and pattern.

Thepositioningof thechessboardandtheculturepotsmaybearbitrary.However,theyhave
to becenteredapproximatelyto meetthestaticcameraview.Furthermore,onewill usuallyturn
thechessboardandthepotssothattheyareapproximatelyorthogonalinsidethefirst image,the
image taken at zero rotation angle.

Becausethepotsarenotpositionedidenticallyto thechessboardpattern,theresultingrecon-
structionsin world coordinatesarerotatedandtranslatedin anunknownway.Thishasnorele-
vancefor most applications.For applicationsthat requirethe position of the reconstruction
relativeto theculturepot, like thecomparisonof reconstructionsof thesameplantat different
evolutionstages,culturepot coordinatesare introduced(seeSec.8.6.1).They arecomputed
from world coordinatesusingthepositionof therefractionplanes.Thisrequiresthattheculture
pot is orientedaccordingly,usuallyby rotatingthepotuntil amarkedcorneris at theright place
inside the first image.

3.3   Setup

The Setup consists of the following components:

¥ object (culture pot with culture media and plant), covered by Sec.3.3.1
¥ stepper motor for rotating the object, covered by Sec.3.3.2
¥ camera, covered by Sec.3.3.3
¥ illumination, covered by Sec.3.3.4
¥ calibration patterns, covered by Sec.3.3.5
¥ control computer, covered by Sec.3.3.6
¥ rotation angles, see Sec.3.6.1

There are three ways the setup is used:

¥ intrinsic calibration, with a calibration pattern instead of the motor, see Fig. 3.1
¥ extrinsic calibration, with a calibration pattern on the motor, see Fig. 3.2
¥ data acquisition, with the culture pot on the motor, see Fig. 3.3

3.3.1   Culture Pot

Becausethedetectionof thesidewallsof theculturepotandthereconstructionqualitydepend
on its properties,it is describedin detail.Sincewemodeltherefractionat theculturepotusing
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Figure 3.1: Intrinsic Calibration, refer to Sec.3.5.1.

Figure 3.2: Extrinsic Calibration, refer to Sec.3.5.2.

Figure 3.3: Data Acquisition, refer to Sec.3.5.3.
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planes(seeSec.7.1),thepot needsto bebuild usingplanes.Theusedmaterialshouldbeclear
and planarand not too thick to reducedouble-refraction(seeSec.8.3 for discussion).We
decided to use plexiglass plates.

3.3.1.1   Geometry

Althoughthesoftwaresupportsculturepotswith anarbitrarycountof lateralwalls,weconfined
us(andtheuserinterface)to culturepotshavingfour sidewalls.Thishasbeenchosenbecause
the numberof sidewalls shouldbe even,otherwiseit is impossibleto look throughwithout
havingalateraledgegoingthroughtherangeof interest.Thereforethreesidewallsareinappro-
priate.Usingmorethanfour sidewallswouldleadto smallerfront andbackfacesandtherefore
in a smaller visible range.

It is recommendedto build symmetricalpots,meaningthat they havea squarebaseplate.
This makes the setup alignment easier.

Dependingon the aspectsteepness,the pots needto be quite high to still producelarge
enough vertical view ranges, see Sec.3.3.3.3.

In our current setup, the pots have the following dimensions:

¥ square base: 60 mm times 60 mm

¥ height: 200 mm

¥ Þll level: 140 mm

¥ wall thickness: 2 mm

3.3.1.2   Building

Becausetheplanesusedto modeltherefractionaredefinedby controlpointson thepotedges,
the lateralpot edgesshouldbe consistent(in plane)with the sidewalls. This meansthat the
platesshouldbecut straightandorthogonally( ) andespeciallytheyshouldfit when
glued ( ), see Fig. 3.4.

All other angles do not matter, however, orthogonality is recommended.

It is alsoimportantnot to bendthe planeswhengluing (for examplebecauseof fixation),
since this would result in non-planarpots. In general,any stainsand scratchesshould be
avoided.

Figure 3.4: Culturepotseenfrom top:Lateralpotedgesshouldbein planewith thead-
jacent planes (  and ).

a 90°=
d 0=

a
d

a 90°= d 0=
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However,sincesmallerrorsin therefractionplanemodeldonotchangethedirectionof the
plane very much, the mentioned guidelines do not need to be followed too strictly.

In order to facilitate the comparisonbetweendifferent reconstructionsof the sameobject
usingculturepotcoordinates(Sec.8.6.1),it is recommendedto attachamarkto acornerof the
culture pot so that it can be correctly oriented when put on the motor.

3.3.1.3   Charging

Beforefilling in theculturemedia,theculturepotshouldbecleanedto avoidstainsat theinner
sideof thepot sincetheycannot becleanedafterwards.Theculturemediashouldbeastrans-
parentaspossible.This canbe achievedby usinga low concentration.However,the culture
mediashouldbestrongenoughsothattherootsdo not changetheir positionsdueto thevibra-
tions of the motor. Elastic deformationsare allowed and usually quite strong,thereforethe
acquisition process waits for a short time so that the oscillation stops before capturing.

Dependingon theaspectsteepness,theregionjust beneaththesurfaceof theculturemedia
cannotbereconstructeddueto refraction.Therefore,it isnecessarytoputtheplantdeepenough
into theculturemediaif thetoprootregionis to bereconstructedtoo.This,andthefactthathigh
aspectsteepnessproducessmallerverticalview ranges,makeit necessarythattheculturepots
are filled high enough with culture media and hence that they are high enough.

3.3.1.4   Handling

It shouldbeavoidedto scratchthesidewall of theculturepot.Beforeacquisition,thepotÕsside
walls should be cleaned to avoid stains.

3.3.2   Stepper Motor

Becausein oursetupthecamerais lookingdown(aspectsteepness),themotorneedsto besmall
enoughso that it doesnot get into the regionof interestbetweenlight planeandculturepot.
Therefore, we decided to use the coarse motor.

3.3.2.1   Setup

Sincethesetupmustnot bechangedwhenchangingtheculturepotsandthechessboard,it is
importantto fixate themotor to thebaseso that it doesnot move.We areusingdouble-sided
adhesive tape.

Dependingontheweightof theculturepot(inclusiveculturemediaandplant)it maybenec-
essaryto adaptthemotorstep-speedinsidethecontrolprogramparflop (App. B.8), sothat
no stepsareÔlostÕ.Therefore,it is recommendedto test the acquisitionof a new culturepot
chargeandto comparethestability control image(imageat ) with thefirst image(image
at ). Refer to Sec.3.6.1 for more information.

3.3.2.2   Motor

Wedismantledthemotorfrom a ÓPC-floppydrive.Becausethefloppy interfaceallowsto
doexplicit steps,wealsoextractedthecircuit boardthatcontrolsthestepper.Thecircuit board
for theservomotorandtheservomotor itself werenot necessaryfor correctoperationof the
stepper,sotheywereomitted.A commonPCpowersupplyis connectedto theextractedcircuit
boardto give powerto thecircuit andthemotor.Theresultinglow-costturntablecomponents
are shown in Fig. 3.5.

360°
0°

51 4¤
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3.3.2.3   Cable to Control Computer

Becausethefloppy interfaceconformstoTTL, it candirectlybeconnectedtoaPC-parallelport.
Thereareonly two control connectionsnecessary,onefor the directionandonefor the step
itself.Thepinoutontheparallelportsidecanbefound(or adjusted)in thesourcecodeof par-
flop . Fig. 3.6 shows the cable layout.

Figure 3.5: Circuit board (with attached floppy and power cable) and stepper motor.

Figure 3.6: Layoutof thecablebetweencontrolcomputerandsteppermotor.Thecon-
trol pinson theparallelport sidecanbechangedinsidetherange2 - 9, the
control program parflop has to be adjusted accordingly.

floppy port pins:

12

18

19

20

parallel port pins:

2

21 (GND)

3

controls direction

performs steps



3.3   SETUP 19

3.3.3   Camera

We usea digital still camerafor the acquisitionof the images,actuallya Nikon Coolpix 990
with power supply.

3.3.3.1   Camera Setup

The following camera settings are used:

¥ manualfocus:Disablingautofocusmakessurethatthefocus(andhencethesetup)does
not change during acquisition.

¥ Þxed aperture:Becausechangingaperturehasthe potentialto affect the setupandwe
want to keep as simple and reproducible as possible.

¥ automaticshutter:Usedto adapttheexposuretimesto thechangingillumination, since
changing shutter times does not affect the setup.

¥ no ßash: Because we do backlight illumination.

¥ macromode:Becausewe want perspective distortion (seeSec.3.3.3.2for discussion)
and therefore the camera is near to the culture pot.

¥ maximal resolution: Sec.3.7 (preprocessing) describes why

¥ loss-lessÞle format like TIFF, becausethe segmentationprocess(Sec.6) selectshigh
frequency componentsandwould not beableto distinguishbetweenrootsandcompres-
sion artefacts

¥ disableimageenhancementslike sharpeningor digital zooming,becauseof artefacts,
like the previous point

¥ disable sleep and auto-shut-off, it may change the camera settings (focus, zoom, etc.)

¥ do not caremuchaboutwhite balance,the imagesareanyway convertedto gray-level
during preprocessing

Refer to Sec.3.3.3.2 for the setup of zoom and refer to Sec.3.3.3.4 for the setup of the focus.

3.3.3.2   View

Sincethesetupmustnot bechangedbetweenthedifferentacquisitionmodes,theview hasto
meet all following requirements:

required because of intrinsic calibration:

¥ Nothing, sinceit is the calibrationpatternthat is adaptedto Þt into the view, refer to
Sec.3.3.5.1 for the discussion.

required because of extrinsic calibration:

¥ Thechessboardusedfor extrinsic calibrationhasquitesmallsquaresbecauseit needsto
besmallsothatit is alwaysvisible.Moreover, if weareusingsmallaspectsteepness,we
have a quiteßatview ontothehorizontalchessboardpositionedon themotor. Hencethe
chessboardsquaresget very small inside the image.The bestway to assurethat the
imagesfor extrinsic calibrationareusable,is by trying to calibratethemusingrvhcale.
However, sinceOpenCVÕs cornerdetectionalgorithmis very robust in respectto con-
trast, sharpness and noise, the images are usually veriÞed only visually.

required because of data acquisition:
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¥ The cameraandthe motor shouldbe setup so that the lateralpot edges,or at leastthe
partsof themwherethe culturemediaandthe rootsarelocated,arecompletelyvisible
insideall images.The view shouldbe a bit larger, taking into respectthe approximate
manualpositioningof theculturepot. This causesthat thechessboardfor extrinsic cali-
bration is always visible too (refer to Sec.3.3.5.2 for description).

¥ All desired culture pot regions must be visible in front of the light-plane.

¥ Usually ÔportraitÕ orientation utilizes the aspect ratio best.

additional requirements:

¥ Thequality of the reconstructionproÞtsof perspective distortion.The reasonis, that in
the caseof parallelprojection(no perspective distortion), imagesfrom oppositeviews
would be identical(just mirrored)andwould not causeany improvementof the recon-
struction.Perspective distortioninsteadproducesdifferent imagesandthereforeproba-
bly additional information for the reconstructionprocess.Therefore,for producing
perspectivedistortion,thecamerashouldbeplacednearto theobject.As aconsequence,
only little zooming is needed.

3.3.3.3   Aspect Steepness

Thisis thesteepnessthecameralooksattheculturepot,accordingto Fig.3.3.Thisangleshould
beaslargeaspossiblewhenreconstructingrootsthathavehorizontalbranches.This is neces-
sary,becausewearereconstructingusingthemethodShapefromSilhouettesandsincethesil-
houetteof ahorizontalline andthesilhouetteof ahorizontaldiscaresimilar from manyviews,
themethodwould ÔcarveoutÕthe least-constrainedreconstruction,resultingin disc-likehori-
zontalbranchesinsteadof linearstructures.Increasingtheaspectsteepnessgivesview ÔaroundÕ
the horizontal branches and therefore reduces the disc effect.

Very high aspectsteepness(near to orthogonal)could producewrong calibrations.This
couldhappenbecausenear-orthogonalviewsto thecalibrationchessboardresultin inaccurate
calibrations. However, this would require very high pots, making it very unlikely to happen.

Consequences:

¥ high culture pots (becausethe vertical view rangeof the culture pot decreaseswith
increasing aspect steepness)

¥ plantsshouldbeput deepenoughinto theculturemedia,becausehigh aspectsteepness
makes the region below the culture media surface invisible

3.3.3.4   Focus

Becausechangingthefocusaffectsthesetup,onefocushasto bechosenthatis convenientfor
all acquisitionmodes.As alreadymentionedin Sec.3.3.3.1,auto-focusis disabledandfocusis
adjusted manually.

Becausethealgorithmusedto detectthechessboardcornersis veryrobust,theimagesof the
intrinsic and extrinsic chessboard patterns do not need to be sharp.

Instead,it is very importantthattherootsarein focus,becausetheyareverythin andusually
notwell visible.Therefore,setupof thefocusis usuallydoneusingthefirst culturepot. It may
be helpful to connect a control monitor to the camera for easier adjustment of the focus.

3.3.3.5   Link to Control Computer

It is preferablethat thecamerais supportedby thecapturingsoftwarephotopc . This makes
automaticcapturingpossible,releasingtheuserof thetediousprocedureof interactivecapturing
(seeSec.3.6)andthetransportof theimagesinto a computer.Sincewe arecapturingin high-
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resolutionmode,a lot of datahasto beacquiredinsidethecameraandtransferredto thecom-
puter.Therefore,acamerais neededthatacquirestheimagesfastenoughandthathasaninter-
face that is fast enough to transfer the images to the computer.

WeareactuallyusingtheUSB1interfaceof ourcamera,requiring1.5minutesfor theacqui-
sitionof oneimageandits transferto thecomputer(however,thiscouldbeimprovedbyupgrad-
ing its firmware).This maynot beacceptable,if manypotshaveto bescannedwithin a short
time, for examplefor capturingall plantsat thesamestateof development.Therefore,it may
be necessary to use cameras with fast interfaces.

3.3.4   Illumination

Illumination of theculturepotsis actuallydoneusinga ÔpoormanÕslight planeÕ.It consistsof
anopaqueglassplatethatis back-illuminatedby aslide-projectorsendingwhitelight to it (con-
tainingnoslide).Weareactuallyusingwhite light, but it maymakesenseto usecoloredlight,
seealsoSec.3.4.1.This canbeeasilyachievedby puttinga slideinto theprojector.Theenvi-
ronmentshouldcontainno light sourcesthatcouldproducereflectionson thesidewalls of the
culturepot.Thiscouldmaketherootsinvisibledueto reflection,or toodarkbecausethereflec-
tion could cause the camera to choose too short shutter times.

The chessboardcalibrationpatternsareilluminatedusinga spot light, for examplea fibre
optic light source.This hastheadvantage,thatonly thechessboardgetsilluminated,resulting
in imagesthatcanbewell compressedusingloss-lesscompressiontechniques.This is impor-
tantsincetheseimagesareonly usedfor calibrationandtheywould wastea lot of memoryif
not compressed when not used.

3.3.5   Calibration Patterns

As alreadymentioned,chessboardpatternsareusedfor both,intrinsicandextrinsiccalibration.
Thepatternsareprintedusingapreferablyisometriclaserprinterontowhitepaper.Theprinted
patternsaregluedto a stiff planarmediumlike glassor aluminium,usinga preferablywater-
solubleglue,for easylaterremovalusingwater.Beforethegluedries,theypatternsarepressed
in orderto getplanar.After thegluehasdried,thepatternsaremeasured.This is doneby mea-
suringthedistancesbetweentheextremalinnercorners(Fig. 4.1)anddividing themin orderto
getthesizeof achessboardsquare.It is preferablethatthechessboardis quadraticandisomet-
ric, since this inhibits mix-up of its coordinates during calibration.

Oneof thefour chessboardcornersis markedasorigin.This is necessarysothattheusercan
later identify theorigin andselectit. Themark is preferablysetoutsidethatcorner.However,
becausetheusedcornerdetectionalgorithmis very robust,it is allowedto drawa smallpoint
into the chessboard square that is located at that corner, without affecting corner detection.

Becausethecamerasettings(especiallyzoom,focusandresolution)arenotchangedduring
acquisition, the size of the chessboard squares needs to fit the given view, see below.

3.3.5.1   Intrinsic Calibration Pattern

For beingin focus,the patternfor intrinsic calibrationhasto be placedat the approximately
samedistanceto thecameraastheobject.Hence,thepatternhastobedimensionedaccordingly.
In our case,we areactuallyusinga 10x10chessboardpatternof squareswith a sidelengthof
6.5875 mm, see Fig. 3.7.

3.3.5.2   Extrinsic Calibration Pattern

Sincetheextrinsiccalibrationpatternis fixated to themotor, theeasiestway for makingsure
thatit is visible from eachview, is to makethepatterna little smallerthanthebaseplaneof the
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transparentculturepot.Theideais thatthistakesinto accounttheapproximatemanualposition-
ing of thepatternandsincetheview is setup sothatthelateralpot edgesarevisible insideall
views,thepatternwill alsobevisible insideall views.In ourcaseweareactuallyusinga8x10
chessboard pattern of squares with a side length of 3.9625 mm, see Fig. 3.8.

3.3.6   Control Computer

Thecontrolcomputeris usedto controlthesteppermotor.If thecamerais supportedby thesoft-
ware(photopc ), thecontrol computeralsotriggerstheexposuresandtransportsthe images
from the camera to its hard disk.

Becausetheimplementationof thisthesisis basedontheUNIX family of operatingsystems,
all tasks,from acquisitionto reconstruction,canbeperformedusinga singlecomputer.How-
ever,sinceacquisitionneedsvery little performancewhereasreconstructionis quitetime con-
suming,it maybeconvenientto permanentlyintegratea slow controlcomputerinto thesetup
and to use a remote server for storage and all further processing.

3.4   Setup Alignment

As alreadymentioned,thesetupmustnot bechangedduringacquisition.Thereforethesetup
hasto meetall threeacquisitionmodes.This is ensuredby testingthe chosensetupusingall
threeacquisitionmodes,namelywith thecalibrationpatternputon themotor(Sec.3.5.2),with
the large chessboardfor intrinsic calibration (Sec.3.5.1), as well as with the culture pot

Figure 3.7: Chessboardpatternfor intrinsic calibration,heldby helpinghands.Pattern
box size is 6.5875 mm. The pattern can be found in Fig. A.2.
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(Sec.3.5.3).Referto thosechaptersfor setupinstructionsandto Sec.3.3.3.2(cameraview),
Sec.3.3.3.3 (aspect steepness) and Sec.3.3.3.4 (focus).

3.4.1   Geometry and Illumination Considerations

The requirementsdescribedin Sec.3.4 alreadyconstrainthe setupgeometry.The following
additionalconsiderationscouldbe takeninto respectwhenchoosingsetupgeometryandillu-
mination:

¥ Distancebetweenlight planeandobject:Althoughthis distanceis limited by thesizeof
the light plane,thereis still someadaptationpossible.Becausetheculturemediais not
absolutelyclear, thereis somelight scattered.Henceit maybeof beneÞtmakingthisdis-
tanceaslargeaspossible,resultingthatthelight, thatpassestheculturepot, is morepar-
allel. The lower intensity may also improve the contrast of the roots (see also
Sec.3.5.3.3). This leads also to the idea of using colored light (see Sec.3.3.4).

3.5   Acquisition Modes

Therearethreemodesthesetupis used.It is usedfor theacquisitionof theimagesfor intrinsic
calibration(coveredby Sec.3.5.1),thosefor extrinsiccalibration(describedin Sec.3.5.2),and
those needed for the reconstruction itself (covered by Sec.3.5.3).

3.5.1   Acquisition for Intrinsic Calibration

Intrinsiccalibration(describedin Sec.4) requiresmanydifferentviewsof theaccordingchess-
board.Theimagesneedto becapturedwith camerasettingsidenticalto thoseusedfor extrinsic
calibrationandreconstruction.Especiallyzoom,focusandresolutionmustnotbechanged.Fig.
3.1 gives an overview of how the setup is used.

Figure 3.8: Chessboardpatternfor extrinsiccalibrationwith a box sizeof 3.9625mm.
The pattern can be found in Fig. 3.2.
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Hence,if thesetupis only temporaryandall potsaresampledat thesametime, theimages
for intrinsic calibrationare takenafter the acquisitionof all other images.This is doneby
removingthepotandthemotor(hencedestroyingthesetupfor rotaryacquisition)andreplacing
it by the chessboard for intrinsic calibration (shown in Sec.3.3.5.1).

Otherwise,if thesetupisstaticor therearemanyacquisitionsessions,theimagesfor intrinsic
calibrationaretakenfirst. This is usuallydoneby first adjustingthesetupwith aculturepotand
by markingthepositionof themotoron thebase.Then,thepotandthemotorareremovedand
replacedby the chessboardfor intrinsic calibration.After the imagesfor intrinsic calibration
havebeentaken,thechessboardis removedagainandthemotor is placedbackto themarked
positionon thebase.Sincetheculturepotsarethenplacedmoreor lesscenteredon themotor,
the rootsshouldbeall in view andfocus,this is necessarybecausechangingcamerasettings
like zoom and focus is not allowed.

Theacquisitionof thedifferentviewsof thechessboardis accomplishedbymovingandturn-
ing thepatterninto differentpositionsandcapturingit with thestaticcamera.It is usefulto put
thepatternonaflexible holderlike ÔhelpinghandsÕ,thatallowsthepositioningof thepatternin
threedimensions.This allows longerexposuretimesthanwhenheld by handandkeepsthe
handsfree.It is notnecessarythattheimagesof thechessboardaresharpsincetheusedcorner
detectionalgorithmisveryrobusttoblurredimages.Theimagesshouldbetakenremotelyusing
photopc , because the camera should not be touched to avoid changes of the setup.

Guidelines:

¥ Produceasmuchperspective distortionaspossible,usingquite ÔßatÕaspects.Approxi-
mate orthogonal views to the chessboard give almost no information for calibration.

¥ Produceasmany aspossibledifferentviews to thechessboardby inclining andtranslat-
ing it in threedimensions.It seemsno badideato do this usinganapproximatesymme-
try.

¥ Cover all partsof the imagewith the chessboardpattern.This doesnot meanthat the
chessboardhasto Þll eachimage,it meansthat for eachimageregion thereshouldbeat
leasttwo imagesthatcontaina partof thechessboardthere.However, it is not necessary
to cover theultimateimageborderswith thechessboardpattern,sincethereareusually
no roots there.

¥ Cover well the image region where the culture pots will be visible.
¥ It is recommendednot to rotatethe chessboardtoo much in imagespace.This makes

surethat the chessboardcornermarked as origin is locatedmore or lessat the same
region inside each image, making the later manual corner selection process easier.

¥ Only the innerchessboardcornersmustbevisible. Sinceonly the innerchessboardcor-
nersareusedfor calibration(seeSec.4.2), it is allowed to generateimageswherethe
borderof thechessboardis not visible. However, a part (saythehalf) of eachoutermost
squareshasto be still visible, sincethe cornerdetectionalgorithmusedfor calibration
needs a local neighborhood around the corners.

3.5.2   Acquisition for Extrinsic Calibration

As alreadymentioned,extrinsiccalibration(describedin Sec.5) requiresimagesof theaccord-
ing calibrationpattern,puton themotorandrotatedto thedesiredangles.Rotaryacquisitionis
doneaccordingto Sec.3.6.It is importantthatthesetupis notchangedbetweentheacquisition
of theimagesfor intrinsiccalibration,extrinsiccalibrationandthosefor reconstruction.Hence,
it is for exampleforbiddento movethemotoror thecamera,or to adjustthecameraÕsfocus,
zoom and resolution. Fig. 3.2 gives an overview of the setup.
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Whenchangingthepotsor theextrinsicchessboardpattern,it is importantnot to movethe
motor.However,it is allowedto rotatethemotor.This is usuallydoneto rotatethepatternso
that it is ÔorthogonalÕ inside the first image.

3.5.2.1   Fixation of Pattern to Motor

Becauseof thequitestrongvibrationsof thesteppermotor,thepatternhasto befixatedquite
well to the motor. This is done using double-sided adhesive tape.

3.5.2.2   Illumination

Goodresultshavebeenachievedby illuminationwith fiberglasslampsandashortshuttertimes
like 1/500s.Thishastheadvancethatonly thechessboardpatterncanbeilluminatedwhile leav-
ing the backgroundblack, producingimageswith little informationcontentandhencewell-
suited for loss-less compression.

3.5.2.3   Camera Setup

Only very few cameraparameterscanbechangedwithout affectingthesetup.We decidednot
to change the aperture, hence the only thing left to set up, is the shutter.

3.5.3   Data Acquisition

As alreadymentioned,reconstruction(describedin Sec.8) requiresimagesof theculturepot,
putonthemotorandrotatedto thedesiredangles.ThisisdoneaccordingtoSec.3.6.It is impor-
tantthatthesetupis notchangedbetweentheacquisitionof theimagesfor intrinsiccalibration,
extrinsiccalibrationandthosefor reconstruction.Henceit is for exampleforbiddento movethe
motoror thecameraor toadjustthecameraÕsfocus,zoomandresolution.Fig.3.3givesanover-
view of the setup.

Whenchangingthepotsor theextrinsicchessboardpattern,it is importantnot to movethe
motor.However,it is allowedto rotatethemotor.This is usuallydoneto rotatethepot sothat
it is ÔorthogonalÕinsidethefirst imageand,for culturepotcoordinates,sothatits markedcorner
gets located on the first edge (see Sec.7.1.1 for edge order).

3.5.3.1   Fixation of Culture Pot to Motor

Becauseof thequitestrongvibrationsof thesteppermotor,theculturepot hasto befixatedto
themotor.This is doneusingdouble-sidedadhesivetape.Foreasylaterremovalof thepot, the
tapeis first attachedto themotorandthentoucheda few timessothatis not too adhesive.The
weight of the culture pot makes usually sure that the culture pots do not slide.

3.5.3.2   Illumination

Illumination is doneusinga light plane,describedSec.3.3.4.Alignment of the light planeis
described indirectly by the description of camera view (Sec.3.3.3.2).

3.5.3.3   Camera Setup

Only adjustmentof theshuttertime is done,sincethis is only thing allowedto changewithout
affectingthesetup.Usinglongshuttertimesandlow illuminationcouldimprovethecontrastof
the roots.

3.6   Rotary Acquisition

Acquisitiontakesplaceautomaticallyor semi-automaticallyandconsistsof therotationof the
objectto definedpositions,aswell asits capturing.Automaticacquisitioncontrolsthemotoras
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well asthecamera.In semi-automaticacquisitionmode,thecamerais triggeredby hand.This
is necessary for unsupported cameras.

After themotorhasturnedtheobjectto thedesiredangle,ashorttimeis waitedbeforetaking
theimage,sothattheoscillationinsidetheculturemediastops.For eachexposure,anacquisi-
tion file (seeApp. B.13.2)is written,containingtherotationanglethattheimagewascaptured
at. This is needed for the automatic extrinsic calibration, described Sec.5.3.

Therotationpositions(describedin Sec.3.6.1)thattheobjecthasto becapturedat,areread
from a user-editedfile. This file just containsall angles(in steppersteps)to becapturedat, in
ascending order, usually starting at zero. App.B.13.1 gives an example.

3.6.1   Aspect Angles

Therearetwo reasonswhy it hasbeenchosento useonly viewsthat look througha singlepot
face(noÔdiagonalÕviews).First,therefractionis toostrongwhenlookingthroughthepot faces
in anangleof 45degrees,leavingonly verysmallregionswheretherootsarevisible.Secondly,
it wouldrequiretheuseof two differentrefractionplaneswhenprojectinginto animageandthe
correct treatment of the edge where the planes meet.

Theoretically,it wouldbepossibleto useimageswherepartsof therootsarenotvisibledue
to refraction.Especiallyif theseinvisible regionsgetsegmentedasroots,so thatnothinggets
ÔcarvedawayÕby mistakeduringthereconstructionprocess.However,it is recommendedthat
all parts of the roots that have to be reconstructed are visible inside each image.

Therefore,wehaveto determinethemaximalrelativerotationanglewheretherootsarestill
visible. In our casethemaximalangleis 18 degrees,or 10 steps.Sinceour steppermakes200
steps for a full rotation, we always mean 1.8 degrees when talking about a step.

The aspect angles, the set of angles to be captured at, is constructed the following way:

¥ Theorthogonalviews: Step0, 50,100and150(usuallyalsostep200asstability control
when compared to view of step 0)

¥ All anglesleft andright of theseorthogonalviews, with constantstepsizeanduntil the
maximal relative angle (see above).

Example for: Maximal angle = 8 steps, step size = 4 steps:

0, 4, 8, 42, 46, 50, 54, 58, 92, 96, 100, 104, 108, 142, 146, 150, 154, 158, 192, 196, 200

Refer to App.B.13 for an example of a capture file.

This producessymmetricconfigurations,convenientfor automaticdetectionof the refrac-
tion planes (described in Sec.7.4).

3.6.2   Implementation

The implementation of the rotary acquisition is described in App.B.3 (rvhcap ).

3.7   Preprocessing

Preprocessingmainly consistsof scalingdowntheimages.Theideais to captureimageswith
a toohigh resolutionandto scalethemdown.This improvescontrastandreducesnoise.It also
reducesthe memoryusageof the images.This is importantbecauseall imagesarestoredin
memory during reconstructing and it also saves space on the disk.

It is importantthatall images(imagesof intrinsicchessboard,imagesof extrinsicchessboard
andimagesof theculturepots)arescaleddownthesamewayandthatonly thesescaledimages
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areusedfor all furtherprocessing.Thescalingfactorhasto bechosenso that the imagesget
small enough, but fine details like thin roots must stay visible.

Usually the imagesare also convertedto gray level. This is done for savingspaceand
because they are converted anyway to gray-level images for computations.

No smoothingis applied,theideais to only converttheimages.Smoothingis performedby
thesubsequentprocesseswherenecessary,for exampleby thesegmentationprocess,described
in Sec.6.

3.7.1   Implementation

The implementation of preprocessing is calledrvhconv  and is described in App.B.4.

3.8   Future Improvements

3.8.1   Improvements of Setup

3.8.1.1   Two or more Cameras

Theideabehindusingmorethanonecamera,is to reduceghosteffectsinsidethereconstruction
(describedApp. B.7.9.4)by generatingviewsof regionsthatarenotvisible from thefirst cam-
era.In oursetup,thiscouldbeacamerathatlooksattheculturepotfrom below.Onepossibility
wouldbeto put it exactlybelowthetransparentculturepotandto rotatetheculturepotusinga
ring. Anotherpossibility would be to just usenegativeaspectsteepness.Intrinsic calibration
wouldbedoneseparatelyfor bothcamerasasdescribed.Extrinsiccalibrationwouldbedoneby
first calibratingthefirst cameraasdescribed.Thenthetwo cameraswould becalibratedrela-
tively to eachother,usingsimultaneousviewsof acalibrationpattern.This relativeorientation
couldthenbeusedto computethedesiredcalibrationof thesecondcamerafrom thecalibration
of the first camera.

3.8.1.2   Front Illumination

Insteadof illuminating theculturepotsfrom behind(leadingto troublesdueto transparencyof
theroots),theycouldbeilluminatedin viewing directionin front of a blackbackground.This
wouldneedinversesegmentationsandalsoinversedetectionof therefractionplanes,supposed
the culture pot edges get lighter than the background.

3.8.2   Improvements of Acquisition

3.8.2.1   True Flat Field and Dark Field

Trueflat fieldsanddarkfieldsarecapturedandusedfor thecompensationof detectorinhomo-
geneity.Detectorinhomogeneityusually getsa problemwhen using low illumination (long
exposuretimes).SinceCCD inhomogeneityis usuallyhigh-frequent(usuallyvisible asstatic
noise),theusedsegmentationapproach,in factahigh-passfilter, wouldnotbeableto separate
it from the roots.
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4
4Intrinsic Calibration

This sectiondescribesthe calibrationof the internal cameraparametersconsistingof the
focal length,theprincipalpointandlensdistortion.For thispurpose,manydifferentviewsof a
chessboard pattern of known geometry are captured.

Section4.1 describesdisablingof images.Section4.2 describeshow the inner chessboard
cornersaredetectedinsidetheimages.Calibrationis describedin Section4.3andits verifica-
tion basedon re-projectionis describedin Section4.4.Finally, refinementof thecalibrationis
shownin Section4.5.Referto Section3.3.5.1for informationaboutthechessboardpattern.See
also the table of process dependencies in App.A.1.

4.1   Disabling Images

Only imagesthatarenotdisabledareusedfor intrinsiccalibration.Disablingis usedto exclude
corruptor unnecessaryimagesfrom thecalibrationprocess,or to excludeimagesthatcannot
be calibrated. Disabling is either done manually or automatically according to Sec.4.4.3.

4.2   Detection of Inner Chessboard Corners

Theuserclicks in anti-clockwiseorderthe four extremalinnercornersof thechessboardpat-
tern,beginningwith thecornermarkedasorigin, accordingto Fig. 4.1.Theseget thenrefined
usingFindCornerSubPix() from the OpenCVlibrary with user-definedsearchwindow
size.After that,all innercornersof thechessboardgetapproximatedby bilinear interpolation
from thefour selectedandrefinedcornersandthenapproximatedtoo,usingthesameOpenCV
method and user-defined search window size.

4.3   Calibration

Calibration on the basisof the inner chessboardcornersis done using OpenCVÕsCali-
brateCamera() basedon methodspresentedin [9] and[10]. Thecalibrationproducesfor
eachusedchessboardimage,asasideeffect,thepositionandorientationof thechessboardref-
erence relative to the camera.
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4.4   VeriÞcation

Verification is doneon thebasisof re-projection.Therelativeorientationsof theimages,pro-
ducedassideeffectof thecalibration,areusedto re-projectthevirtual chessboardreferenceinto
theimagesof thechessboard,seeFig. 4.2..On theonehandthis is usedfor visualverification
of thecalibration,ontheotherhandit isusedtocomputetheaveragere-projectionerror,namely
for eachseparateimage(describedin Sec.4.4.1),aswell as the averageerror over all used
chessboardimages(describedin Sec.4.4.2).Thisoverallre-projectionerroris usedasaquality
measure of the intrinsic calibration.

4.4.1   Re-Projection Error

The re-projectionerror of a given imageis the averagedistancebetweenthe detectedinner
chessboardcorners(accordingto Sec.4.2) andtheir correspondingprojectionsof the virtual
chessboardreference,seealsoFig. 4.2. It is a measureof calibrationquality in respectto the
given imageand is also usedfor automaticdisablingof imagesand rejectionof calibration
according to Sec.4.4.3.

4.4.2   Average Re-Projection Error

This is theaverageof there-projectionerrors(Sec.4.4.1)overall usedimages.This error is a
measure of calibration quality.

4.4.3   Automatic Disabling of Used Images and Rejection of Calibration

If there-projectionerrorof thecurrent(selected)imageis largerthanauser-deÞnedmaximum,
the imageis disabledandno calibrationis written (thecalibrationis rejected).Otherwise,the
calibrationdata(seeApp. B.13.4)of eachusedimageis written andthecorrespondingimages
are disabled if their re-projection error is larger than the given value.

Figure 4.1: Thefour extremalinnerchessboardcornershaveto bedefinedin theshown
order.The first point (at thecornermarkedasorigin) definestheorigin of
theworld coordinatesystem.Points2 and4 definetheaxesof thecoordinate
systemshownby thearrows.Thez-axispointsoutsidethechessboard,re-
sulting in a right-handed coordinate system.
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This is usedto automaticallyexcludecorruptimagesor imagesthatcannotbecalibrated.In
fact, it may happenthat calibrationfails. In this caseit is necessaryto manuallydisablethe
images making problems.

4.5   Calibration ReÞnement

SinceSec.4.2 (chessboardcornerdetection)doesonly bilinear interpolationwithout lens-dis-
tortion,someof thedetectedchessboardcornerscanbewrong.Thisis whatrefinementis meant
for. Therehasto bealreadya calibrationfor thechessboardimage(thusthethree-dimensional
positionandorientationtoo). Insteadof manualselectionof the outermostinner corners,all
inner chessboardcornersarecomputedby projectionfrom the three-dimensionalchessboard
reference.Thishasthe advantagethat lens-distortionis incorporated,allowing smallersearch
rangesfor cornerapproximationby OpenCV.The restof the methodis identicalto Sec.4.2,
meaningthe approximationof the chessboardcorners,as well as calibration accordingto
Sec.4.3 and verification according to Sec.4.4.

Figure 4.2: Control image:The clicked corners(yellow circles), the detectedcorners
(redcrosses)andthere-projectedchessboardcorners(bluesmallercrosses).
There-projectionerrorof agivenimageis theaveragedistancebetweenthe
detectedcornersandtheir correspondingre-projections.Theaverageof this
error over all images is used as a measure of calibration quality.
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4.6   Implementation

The implementation of intrinsic calibration is calledrvhcali  and is covered in Sec.B.5.
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5
5Extrinsic Calibration

Oncewehavedeterminedtheintrinsiccalibration,weareableto docalibrationof theexter-
nalcameraparameterssuchaspositionandorientationof thechessboardrelativeto thecamera.
This is done for each image of the rotating chessboard.

Becausetheworld coordinatesystemis boundto therotatingchessboard,theresultingvir-
tual camera positions are expected to lay on a three-dimensional circle.

Therearefour variantsof extrinsiccalibrationavailable:Thefirst variantis manualcalibra-
tion shownin Section5.2.Thesecondvariantis automaticcalibrationusingextrapolation,cov-
eredin Section5.3.The third variantis the improvementmodedescribedin Section5.4. It is
identical to extrapolation,but only improving resultsaretaken.And aslast variantagainthe
refinement,but this time only improving results(resultswith smallerre-projectionerror) are
taken,describedin Section5.5.Referto Section3.3.5.2for informationaboutthechessboard
pattern. See also the table of process dependencies in App.A.1.

5.1   Enabling and Disabling Images

This is mainlyusedfor excludingimagesfrom thereconstructionprocess,for examplebecause
theycannotbecalibratedor becausetheyarecorrupt.Enablinganddisablingis donemanually,
or automatically.Automaticdisablingis doneaccordingto Sec.4.4.3,but insteadof only dis-
ablingimagesif their re-projectionerroris largerthantheuser-definedthreshold,theyarealso
enabled if their re-projection error is equal or smaller than the user-defined value.

5.2   Manual Calibration

Manualcalibrationis doneimageby image.Eachchessboardimageis treatedindependentlyof
the others.

First, the inner chessboard corners are found according to Sec.4.2.

After this, thecornersareusedtogetherwith theintrinsic calibration(from Sec.4) to com-
pute the extrinsic calibration using FindExtrinsicCameraParams( ) of the OpenCV
library based on [9] and [10].

Theresultingextrinsiccalibrationis alsousedto re-projectthechessboardreferenceto the
chessboardimageaccordingto Sec.4.4, seeFig. 5.1. This is againusedon the onehandfor
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visualverification,on theotherhandit is usedto computethere-projectionerroraccordingto
Sec.4.4.1.Thiserrorservesasameasureof calibrationquality. It is alsousedto automatically

disable(or enable)theimage.If there-projectionerroris largerthantheuser-definedvalue,the
imageis disabled.Otherwisetheimageis enabled.This is for exampleusefulwhenrefiningall
images automatically (see below), since images with small error get automatically enabled.

5.3   Automatic Calibration using Extrapolation

Identicalto manualcalibration(Sec.5.2),butinsteadof finding thechessboardcornersby hand,
they areextrapolatedfrom the first image,using the rotationanglefrom the acquisitionfile
(described in App.B.13.2) belonging to the image to be calibrated.

Extrapolationis doneas follows: First, a three-dimensionalcircle is fit into the already
knownvirtual camerapositionsaccordingto App. A.3, excludingthepossiblyalreadyexisting
camerapositionof the imagethat is to be calibrated.Therefore,at leastthreemanuallycali-
bratedchessboardimagesarenecessary.Thecalibrationgetsextrapolatedby transformingthe
extrinsiccalibrationof the first imageasif the virtual camerapositionof the first imagegot
rotatedaroundtheaxisof the three-dimensionalcircle, by theanglereadfrom theacquisition

Figure 5.1: Control image, the re-projection of the chessboard in blue.
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file. Sec.5.3.1describesthedetails.Theextrapolatedextrinsiccalibrationis thenusedtoproject
the three-dimensionalchessboardreference,producingan approximationto the inner chess-
boardcornersof the imageto becalibrated.This approximationis thenrefinedby finding the
nearestchessboardcornersinsidea user-definedneighborhood,usingOpenCVÕsFindCor-
nerSubPix() .

Therearetwo variantsof automaticcalibration.On theonehand,asÔestimationÕ,automatic
calibrationis doneandtheresultis taken.On theotherhand,asÔimprovementÕ,automaticcal-
ibrationis done,but theresultis only takenif it producesa smallerre-projectionerrorthanthe
existing calibration.

Fig. 5.3 showsthe fit circle andthe virtual camerapositionsof the images.It is usedfor
visual verification of the calibrations and the extrapolation process.

5.3.1   Extrapolation

Extrapolationof theextrinsiccalibration( : rotationmatrix, : translationvector)of imagei

requires:

¥ Extrinsic calibration of the Þrst image:

¥ Rotation angle of Þrst image:

¥ Rotation angle  of the motor, inside imagei

¥ Three-dimensionalcircle throughexistingvirtual camerapositions:radiusr, centerc and
rotationaxisa (seeFig. 5.2).Thevirtual camerapositionscanbedirectlycomputedfrom
the extrinsic calibrationsby converting the origin from cameracoordinatesto world
coordinates according to App.A.4.

First, we compute the rotation vector corresponding to the rotation of arounda:

This rotationvectoris thenconvertedto thecorrespondingrotationmatrix usingOpenCV.

Then we take a look how the extrinsic calibration is involved in projection:

Figure 5.2: Extrapolationof extrinsiccalibrationof imagei from extrinsiccalibrationof
image0, usingcircle throughexistingvirtual camerapositionsandtherota-
tion angle .
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Thismeansthattheextrinsiccalibrationconvertsfrom world coordinates to cameracoordi-

nates . Now wantto includetherotation aroundc into theextrinsiccalibrationof image0:

We includetherotationaroundc by first translatingtheorigin to c, thenapplyingtherotation
 and afterwards we translate the origin back:

This leads to the wanted extrinsic calibration of imagei:

(5.1)

Figure 5.3: Circle fit throughthevirtual camerapositions.Enabledimagesareshownin
blue,disabledimagesin red.Thechessboardis shownin white with thero-
tationaxisfrom chessboardto thecenterof thecirclein yellow.Notethatthe
virtual camerapositionsform four clustersbecauseonly aspectsaretaken
that view through a single pot face (no ÔdiagonalÕ views, see Sec.3.6.1).
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5.4   Calibration Improvement

Improvementis identical to automaticcalibration(Sec.5.3), but only improving resultsare
taken.Thismeansthatthecomputedcalibrationis rejectedif its re-projectionerroris largerthan
the re-projection error of the already existing calibration.

Improvementaddressestheproblemof wrongcornercorrespondencedueto mismatch.This
usually happensbecausedifferent views of the calibrationchessboardneeddifferent search
window sizes for corner detection.

After the imageshavebeenapproximatelycalibrated,for examplewith a constantwindow
size,the searchwindow sizeis usuallychangedto a valuemoreappropriatefor someof the
imagesandimprovementis doneautomaticallyfor all images.This is usuallyrepeateduntil all
desiredimagesareapproximatelycalibrated.Furtherimprovementis doneusingrefinement,
according to Sec.5.5.

5.5   Calibration ReÞnement

Refinementis identicalto manualcalibration(Sec.5.2),but insteadof finding thechessboard
cornersmanually,theygetcomputedby projectionfrom thethree-dimensionalchessboardref-
erence, analogous to Sec.4.5. Only improving results are taken.

After improvement(Sec.5.4), thecalibrationsshouldbepreciseenoughsothat there-pro-
jectionsof thechessboardgetlocatedat thecorrespondingcorners.This is whererefinementis
neededto furtherimprovethecalibration.Becausethecornersarefoundby projectionusingthe
currentextrinsiccalibrationof theimageandbecauseonly improvingresultsaretaken,repeated
refinementresultsin iterativeapproximationof thecalibration.All imagesareusuallyrefined
several times using different search window sizes, until no improvement.

5.6   Implementation

The implementationof extrinsic calibration is called rvhcale and is describedinside
App. B.6.
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6
6Segmentation

Becausereconstructionis basedon silhouettes,we haveto partitiontheimagesof theroots
into foreground(shadowsof roots)andbackground(light plane).Theresultis abinarysegmen-
tation for each image.

Section6.1coversthesegmentationmethodwhile Section6.2refersto theimplementation.
See also the table of process dependencies in App.A.1.

6.1   Method

Thesegmentationis donein two steps:Firstbackgroundnormalization(filtering awaylow-fre-
quency image components,namely the background),then thresholdat user-definedlevel.
Becausetheshadowsof therootsarerelatively thin, theyarecontainedin thehigh frequency
components of the image and will be segmented.

Actually, detectorinhomogeneityis not corrected(no dark field nor true flat field is used).
The normalizationaddressesillumination inequalities,for examplebecausethe light-planeis
not spheric,producinghigherintensitiesat the imagecenter.Normalizationis doneusingflat
field correction.This is usuallydoneby takinganÔemptyÕimagecontainingonly background
andby subtractingit from the imageto benormalized.This resultsin backgroundnormaliza-
tion.

Weuseavirtual flat field computedfrom thedataimagesthemselves.It hasbeenchosento
computevirtual flat fields from theimagesinsteadof acquiringa trueflat field imagebecause
computingvirtual flat fields incorporatesopticaleffectsof theculturepot like adsorptionand
reflection.Theflat field correctionmethodseemspredestinatedbecauseof therelativeunifor-
mity of the background(light-plane)and the little thicknessof the rootsshadowsinside the
images.It shouldbe simpleto makethe shadowsvanishusingimageprocessingtechniques,
producing the virtual flat field.

The computationof the virtual flat field is doneby gray-leveldilation with subsequent
smoothing.Gray-leveldilation replaceseachpixel with the maximalvalueof its neighbors.
Therefore,it propagatesthebackgroundcolor overtheshadowsof therootsandthusreplaces
theroot shadowswith thecolor of thenearestbackgroundpixel. Thesubsequentsmoothingis
usedto eliminateartefactsof thegray-leveldilation andgivesadditionalcontrolof segmenta-
tion.
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Figure 6.1: The raw imagea is gray-leveldilatedandsmoothedto producethevirtual
flat field b. Image c (the segmentationshown in red) is given by:

. Note that thereis a lot of false-positivesegmenta-
tion.This is acceptable,becauseit is probablethatotherimagesmakethere-
construction process carve away these parts.

a b

c

c threshold a bÐ( )=
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Algorithm:

1. gray-level dilation of the root image (Fig. 6.1:a) with user-deÞned kernel size
2. smoothing of the dilated image with user-deÞned kernel size, see result in Fig. 6.1:b
3. subtraction of the smoothed image from the original
4. threshold at user-deÞned level, see result in Fig. 6.1:c

6.2   Implementation

The implementation of segmentation is contained inrvhrec  and is described in App.B.7.
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7
7Determination of the

Refraction Planes

Becausethe imagesof therootsareaffectedby refractionat theglassplanesof theculture
pot, it is necessaryto determinetheirposition.Thissectiondescribestwo methods,onemanual
andtheotherautomatic.Bothmethodsusethecontoursof theculturepotinsidetheimages.The
refraction index is not needed for this procedure.

Section7.1 describesthemodelof the refractionplanes,namelytheir eight controlpoints.
Section7.2givesinstructionsaboutthedefinitionof thecontrolpointdefaults.Correctlychosen
controlpointdefaultsmakeautomaticdeterminationof therefractionplanespossible.Determi-
nationof therefractionplanescanbedoneusingtwo differentmethods.Section7.3describes
manualsetupof therefractionplanes.Section7.4describestheautomaticdeterminationof the
refractionplanes.Section7.5 showshow the planesare computedfrom the control points.
Finally, Section7.6coverstheverificationof theresultingrefractionplanes.Seealsothetable
of process dependencies in App.A.1.

7.1   Model

Sincewe acquireonly imagesthat look througha sidewall of thepot,we only needto model
thesefour walls usingfour planes.Thesefour refractionplanesaredefinedusingeight three-
dimensionalcontrolpoints,seeFig.7.1.Two of themareplacedoneachlateraledgeof thecul-
turepot by makingsurethat theprojectionsof thecontrolpointsarelocatedon thelateralpot
edgesinsidetheimages.Thisresultsin totalingfour controlpointspersidewall. Wethenfit for
eachsidewall a leastsquaresplaneto thesefour points,resultingin the four planesusedto
model the refraction. This is done according to Sec.7.5.

7.1.1   Edge Order

Whenputtingthecontrolpointson thethree-dimensionalpot edges,a specialorderin respect
to theedgeshasto befollowed.Thedirectionhasto beoppositeto therotationdirectionof the
motor,thatmeanstheedgescontinuein thesamedirectionastheimages.Thefirst edgehasto
betheedgethatis in front whengoingbackwardsfrom thefirst imageto thelastimageandfur-
ther backwards.This meansthe first edgeis visible only from one side inside the first few
images and visible from the other side inside the last few images, see Fig. 7.1.



44 7.   DETERMINATION OF THE REFRACTION PLANES

7.2   Control Point Defaults

Thecontrolpointsaresetto defaults,eitherfrom auser-savedfile, or programinternal.Theidea
is to havethe control points alreadyon positionsconvenientfor matching.This is possible
becausetheculturepotsarerotatedbeforeacquisitionaccordingthatthefirst imagehasÔorthog-
onalÕview andbecausethemanualpositioningonthemotoris quiteprecise.Onebenefitis that
theedgeordercanbepredefined,releasingtheuserof thiscomplexprocedure.Anotherbenefit
is thatwell chosendefaultcontrolpointsmakeautomaticdetectionof therefractionplanespos-
sible.

Thedefaultcontrolpointsshouldbeplacedsothattheylie outsidetheculturepot,takinginto
respectthearbitrarymanualpositioningonthemotor,accordingto Fig.7.2.Formanualcontrol
pointmatching(Sec.7.3)thishastheadvancethattheprojectionsof thecontrolpointsarewell
visible for manipulation.For automaticmatchingof thecontrolpoints(describedin Sec.7.4),
thismakessurethatthedefaultcontrolpointsmodeledgesthatareapproximatelyparallelto the
edgesof thegivenpot. This is necessarybecauseautomaticmatchingis doneorthogonallyto
theedgesmodeledby thecontrolpoints,in imagespace.For accuracy,thecontrolpoint pairs
shouldnotbeplacedtoonearto eachother(thelowershouldbeplacedaslow aspossiblewhile
theuppershouldbeplacedashighaspossible).Formakingsurethatalwaysthemodeledlateral
pot edgeis hit (no baseor top edge),it is necessaryto limit theÔheightÕof thecontrolpoints
insideeveryimageto the range accordingto Fig. 7.3.Assumingpositiveaspectsteepness,
this rangeis definedby theupperendof thefront faceandby thelowerendof thebackfaceof
thepot,or by thecorrespondingimagebordersif thesepositionslie outsidetheimage.It is rec-
ommendedthattheedgesarevisibleagainstthelight plane(for goodcontrast)whendoingauto-
matic matching,thereforeit may be necessaryto constrict further so that it lies insidethe
image plane. The other solution would be to adapt the setup accordingly.

Figure 7.1: Eightthree-dimensionalcontrolpointsonthelateralpotedges,definingfour
refractionplanes.Thecontrolpointsareorderedin respectto theedges,in
oppositedirectionto the rotationof the motor (the dottedcircle). The first
edgeis theedgethatis visible from onesideinsidethefirst few imagesand
visible from the othersideinsidethe last few images(assumethe showed
view to be the view of the first image).

1

2

3

5

6

4

7

8

h

h



7.3   CONTROL POINT MANIPULATION 45

7.3   Control Point Manipulation

There are two methods available for control point manipulation:

¥ manual input of world coordinates

¥ manipulation with the mouse according to Sec.7.3.1

7.3.1   Manipulation using the Mouse

Theuserdragsthecontrolpoint with themouseto thedesiredpositioninsideanimage.More
precisely,theuserdefinesthedesiredpositionof theprojectionof thethree-dimensionalcontrol

Figure 7.2: Defaultcontrolpointsandpotshownfrom topandfront. Thecontrolpoints
shouldbeplacedat constantdistanceto theaveragepositionof theculture
pot,sothattheedgestheymodelaremoreor lessparallelto theculturepot.
Thedistancehastobelargeenoughsothatthemodelededgesalwayslie out-
side the pot, taking in respect the manual positioning on the motor.

Figure 7.3: Forautomaticmatching,thedefaultcontrolpointsmustbepositionedsothat
their projectionslie insiderange of everyimage.Sinceautomaticmatch-
ing is doneorthogonallyto the pot edges,this makessurethatonly lateral
(no base or top) edges are hit.
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point.This is accomplishedby computingthethree-dimensionaladaptationvectornecessaryto
move the control point so that it projects to the desired position inside the given image.

Computation of the three-dimensional adaptation vector:

1. Find optical ray through desired image position according to App.A.6.

2. Select control point , by taking the control point whose projection is nearest to the
clicked position.

3. Find point  on that ray with shortest distance to.

4. Adaptation vector is .

Motivation: This is thesmallestpossiblethree-dimensionalchangethatmovesthepoint so
thatit getsprojectedto thedesiredposition.Theadaptationvectoris orthogonalto thedirection
of projection. See Fig. 7.4.

7.4   Automatic Control Point Matching

This works similarly to manipulationwith the mouse(Sec.7.3.1),but insteadof defining the
desiredpositionof acontrolpointprojectioninsideonly oneimagemanually,it is automatically
detectedaccordingto Sec.7.4.2 insideeachimagethat is valid andwherethe control point
belongsto a contouredge(seeSec.7.4.1for definition). Then,for eachof thoseimages,the
adaptationvectoris computedaccordingto Sec.7.3.1andall thoseadaptationvectorsareaver-
agedaccordingto Sec.7.4.3.Thisaverageadaptationvectoris thenappliedto thethree-dimen-
sionalcontrolpoint. Thewholeprocessis repeatedfor all controlpointsanditerateda couple
of timessothatthecontrolpointsconvergeto thewantedthree-dimensionalpositionsonthepot
edges.

7.4.1   Contour Edge

Lateralpotedgesthatareat thebackof thepotarenotvisibleandareinfluencedby refraction,
sotheycannot beusedfor controlpoint matching.Thelateraledgesthatdo not belongto the
contourandthatareatthefront of thepotarenoteasyto detectbecausetheyarenotseenagainst
background,so theyareleft too. Only two of the four lateralpot edgesarevisible ascontour

Figure 7.4: Adaptationvector for controlpoint , computedfrom thedesiredloca-
tion of its projection .
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insideanimageandsotheycanbeusedfor controlpointmatching.Wecall thesetwo edgesthe
contour edges of the given image.

Thedecisionif a given lateraledgeis a contouredgeinsidea given imageis basedon the
controlpoints.Thismeansthattheimageitself is notused,insteadthecurrentcontrolpointsare
projectedinto theimageandanalyzed.This is oneof thecauseswhy thedefaultcontrolpoints
need to be located at approximately constant distance to the pot edges.

Algorithm for testing if a given edge is a contour edge inside a given image:

1. Projectall controlpointsinto the image.If any controlpoint projectsoutsidetheimage,
return Ôno contour edgeÕ.

2. Get average edge direction of the projected control points. This is done by laying a line
through each pair of the control point projections (see the dotted lines inside Fig. 7.5).
Thentheaveragedirection of theselinesis computedandalsothecenterof gravity of
the projections .

3. Get the four intersections ( to ) between the four lines through the projections and
, the line orthogonal to  going through .

4. Get the minimal and maximal intersection, in respect to the line parameter inside
, in the showed case this is  and .

5. If the given edge (the edge to be decided if it is a contour edge) corresponds to one of
those two extremal intersections, return Ôcontour edgeÕ, since it belongs to the contour.
Otherwise return Ôno contour edgeÕ.

Figure 7.5: Computation of contour edges, refer to Sec.7.4.1 for details.
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7.4.2   Edge Detection

Thegoalis to automaticallyfind thedesiredlocationof thecontrolpointprojectionfor agiven
controlpoint anda givenimage.Theideais to find thepoint insidetheimage,thatlayson the
edgecorrespondingto thegivencontrolpoint andthat resultsin thesmallestnecessarythree-
dimensional adaptation  according to Sec.7.3.1.

Sincewe wantthedefaultcontrolpointsto lay Ôinfront of theedgesÕ(accordingto Sec.7.2
andFig. 7.2),theonly necessarymovementis orthogonallytowardsthepotedges.This is why
thesearchfor thepotedgeis startingwith theprojectionof thecontrolpointandgoingorthog-
onally to the correspondingedge.The directionof that correspondingedgeis not computed
from the image,insteadit is the line going throughthe projectionof the two currentcontrol
pointscorrespondingto thatedge(thatmeansthegivencontrolpoint andits partner).This is
anothercausewhy thedefaultcontrolpointshaveto beÔinfront of theedgesÕat constantdis-
tance,resultingin potedgesmoreor lessparallelto therealpotedges.Notethatedgedetection
is only performed on control points that belong to a Ôcontour edgeÕ.

Algorithm to detect Ôdesired locationÕ of given control point and given image:

1. Computethe vector that is orthogonalto the line going throughthe projectionof
thegivencontrolpoint andtheprojectionof its partner on thesameedge(see
Fig. 7.6).

2. Orient to pointoutsidethepot.This is doneby lookingat thedotproductbetween
and , the vector pointing from  to the opposite contour edge. The vector  is
computed during contour edge decision (Sec.7.4.1), it is the vector pointing from the
current extremal intersection to the opposite extremal intersection on  according to
Sec.7.4.1. If  then  is mirrored.

3. Find a positive (from dark to light) edge inside the image on a line going through the
projection of  along , according to the method described in Sec.7.4.3.

Figure 7.6: Automaticdetectionof the desiredlocationof the projectionof the given
control point  (refer to Sec.7.4.2 for details).
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7.4.3   Positive Edge on Line

Givenanimage,apoint anda -directedline through , thismethodfindsthepositive

edgealongthat line nearestto . More precisely,it searchesthenearestlocal maximumof

the -directionalderivative,that lies abovetheuser-definedthreshold , alongthe

given line, see Fig. 7.7.

Algorithm:

¥ First performn (for examplefour timesthe maximal imagedimension)searchstepsof
sizes (for example 0.5 pixels) from  into direction of :

1. Get directionalderivative at currentsearchposition.This is doneby dot productof the
gradientat thatpositionwith thenormalizeddirectionvector. Thegradientis computed
using bilinear interpolation.

2. Testif hasalreadybeenenteredbut currentderivative is smallerthantheone
of the step before. If yes, the step before is the result of the search (the local maximum)
and the search loop is terminated.

3. Test if the current derivative is larger than . If yes, remember that the deriva-
tive threshold has been entered.

4. Go to 1.

¥ Then do the same search from  into the opposite direction of .

¥ If two results:Comparethetwo resultsandchoosetheonethathastheshorterdistanceto
.

7.4.4   Combining the Adaptation Vectors

The combinationof the adaptationvectorsis doneusingweightedaverage.Sincewe do not
knowmuchabouttheimagesandthematchedpositionsinsidethem,uniformweightshavebeen
chosen, resulting in simple average.

Figure 7.7: Detectionof theculturepot edge.Black curveshowsimageintensityalong
the searchedline, the gray curveshowsits -directionalderivative.The
user-definedparameter is usedto suppresslocal maximaof the
directionalderivativedueto imagenoise.Theresultof theshownexample
is marked with a cross. Refer to Sec.7.4.3 for details.
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Supposingthattheaspectanglesof theusedimagesaremoreor lesssymmetricallydistrib-
utedfrom to (accordingto Sec.3.6.1),thegeometricanalysisof theaverageadapta-
tion vectorshows,supposingeverythingis consistent,thatit pointsapproximatelyinto theright
direction,but usually it is too short,seeFig. 7.8. However,sincethe matchingis iterateda
coupleof timesfor convergence,neithertheimprecisedirectionnor thetoo shortlengthof the
combined adaptation vector matter.

Anyway, onecould think of usingtheÔprojectionmodelÕshowedin Fig. 7.8 to computea
combinationthatreproducestheÔprojectionsÕasgoodaspossible.But sincesomeof theadap-
tationvectorsmaybewrongdueto wrongedgematching,thesystemmaybeinconsistentand
thentheÔprojectionmodelÕdoesnotapply.Soit seemsagoodchoiceto do justusualaverage.

7.5   Refraction Planes from Control Points

As alreadymentioned,this is doneby fitting a planeinto the four three-dimensionalcontrol
pointsbelongingtoeachpotside.ThisisdoneaccordingtoApp. A.1 andresultsfor eachrefrac-
tion planein a three-dimensionalposition(thecenterof gravity of theusedcontrolpoints)and
a planenormal.However,thesenormalshaveto beorientedto point outwardsof thepot.This
is necessary for the detection of the relevant refraction plane in Sec.8.3.1.

The orientation (mirroring) of the plane normals is done as follows:

First the normals are scaled to length one.

Then go over all four normals  and do:

1. Get opposite plane  by:

2. Orient (mirror)  so that it points to the ÔoppositeÕ direction of. This is done by mir-
roring  if  (angle smaller than ).

3. Makesure and normalspointoutwards.This is doneby mirroringbothnormalsif
they point inwards according to Sec.7.5.1.

7.5.1   Opposite Normals Orientation

Given two ÔoppositeÕplanenormals and (oppositein the sensethat ) and

theirpositions and , wewantto decideif theyarelooking inwards(possiblyfacingeach

other) or outwards.

Figure 7.8: Thethin arrowsaretheprojectionsof theboldblackarrow.Wecaninterpret
the thin arrowsasadaptationvectorsandthebold blackarrowastheexact
combinedadaptationvector.The gray arrow is the averageof the thin ar-
rows.
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This is doneby applyingthe normalsto the positionsusinga stepsize , oncein positive
directionandoncein negativedirection,seeFig. 7.9.Wegettwo resultingpositionsin thecase
of andtwo positionsin thecaseof . We thencomparethedistancebetweenthetwo
positionsof the case to the distancebetweenthe two positionsof the case . If

, the vectors are pointing inwards, otherwise they are pointing outwards.

This methodworksonly if thenormalsarepositionedon theconvexhull of theplaneinter-
sections.In our casethis is true,sincethenormalsarepositionedat thecenterof gravity of the
control points belonging to the corresponding pot face.

7.6   VeriÞcation

Verificationof therefractionplanesis basedon their intersectionlines.Theselinescorrespond
to the lateral pot edges, see Fig. 8.6 for an example.

However,thepositionof therefractionplanesdoesnot needto bevery precise.On theone
handtheaspectsteepnessis usuallynot thatsteepandhencetheexactpositionof therefraction
planesis notthatrelevant.Ontheotherhandtheorientationof therefractionplanes(muchmore
relevant) does not change much when improving the edges.

Visual verification is doneby projectingthe intersectionlines into thecontrol images.The
projectionsshouldlie on thepot edges.However,sinceno refractionis applied,theprojection
of edges that are at the back of the pot makes no sense and is ignored.

Verification of thecontrolpoint consistencyis doneby checkingtheaveragecontrolpoint
error.For this, thedistancebetweeneachcontrolpoint andits correspondingintersectionline
is computedandaveraged.Smallerrorcorrespondsto highconsistency.High controlpointcon-
sistencymeansthat the control pointslie on the intersectionlines, indicatingthat the chosen
control pointscould be satisfied.Low consistencyusuallyoriginatesfrom inaccuratecontrol
points or from non-planar pot geometry (see Sec.3.3.1.2).

Figure 7.9: Oppositenormalsorientation: and arethetwo normals,parameter
is setto one.It canbeseenthat , indicatingthatthenormalsare
oriented outwards.
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7.7   Implementation

The implementationof refractionplanedetectionis containedin rvhrec andis describedin
App. B.7.
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8
8Reconstruction

The goal of the reconstructionis to producea three-dimensionalvolumerepresentationof
theroots,usingits segmentedsilhouettes.Theusedmethodis amodificationof theoctreefrom
silhouettes method [8]. The method is modified to incorporate the refraction at the pot faces.

Section8.1 (octreemodel) and Section8.2 (algorithm) are exactly describingthe octree
reconstructionmethod[8]. Section8.3describeshowrefractionhasbeenincorporatedby inte-
grating it into the projectionmodel.Verification is doneusing control imagesdescribedin
Section8.4.Conversionof theoctreereconstructionto voxelsis coveredby Section8.5.Visu-
alization is describedin Section8.6. Determinationof the refraction index is the topic of
Section8.7. Section8.8 refers to the implementationand finally, Section8.9 coversfuture
development. See also the table of process dependencies in App.A.1.

8.1   Octree Model

Thevolumeto bereconstructedis representedusinganoctree.An octreeis ahierarchicaltree-
structuredrepresentation,eachnoderepresentinga three-dimensionalcubein space.Thechil-
drenarea partitionof theparentcube,sincethechildrenaregeneratedby splitting theparent,
seeFig. 8.1.Thechildrenhencerepresenta finer resolutionlevel of theparent.In our imple-
mentationwesplit cubesinto eightchildren.This is why thecubeshavezeroor eightchildren.

Figure 8.1: OctreeModel:Eachlevelof thetreecorrespondsto afiner refinementlevel.
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Each cube has one of three colors:

¥ ÔblackÕ means that the cube lies completely within the object

¥ ÔwhiteÕ means that the cube lies completely outside the object

¥ ÔgrayÕ means that the cube is ambiguous

Both, ÔwhiteÕ and ÔblackÕ cubes are leaf nodes inside the tree.

Becauseactuallytheonly accessto thefinal octree-representationis donein arecursiveway
whenconvertingtheoctreeresultto voxels,thepositionandthesizeof theoctree-cubesarenot
storedinsidethecubes,insteadtheyarecomputedimplicitly from theoctreestructureandthe
position and size of the top-level cube.

8.2   Octree from Silhouettes

Thealgorithmworksin acoarse-to-finefashion.Eachiterationcarvesawaysomeoctree-cubes
usingall segmentedimagesandthensubdividesthosecubesthatremainuncertain.Thesesub-
divided octree-cubes present a finer refinement level and are the input for the next iteration.

Algorithm:

Initialization: set one initial ÔblackÕcubeto user-definedextentand position. This cube
defines the region inside the pot that will be reconstructed.

Then for each iteration:

1. Update cube ÔcolorsÕ according to Sec.8.2.1.

2. Unless last iteration: Subdivide remaining ÔgrayÕ cubes and set these children to ÔblackÕ.

Theresultingoctreecouldthenbecompacted,thatmeansconvertingÔgrayÕcubesto ÔwhiteÕ
cubesor ÔblackÕcubesif all their childrenhavethesamecolor.Thiscanhappenbecauseof the
coarseintersectiontest(Sec.8.2.2).But sincetheresultingoctreeis actuallyonly convertedto
voxels, the octree is not compacted.

Usually satisfyingreconstructionresultsareachievedwhenusingiterationcountsthat are
muchtoo small, in thesensethat therearestill manyÔgrayÕcubesin thelastrefinementlevel.
This has consequences for the conversion from octree to voxels, see Sec.8.5.

8.2.1   Updating Cube Colors

For eachenabledsegmentedimage,we projecteachof thecubesof thecurrentlevel into that
imageandtestwetherthe cubelies completelyinsideor outsidethe silhouette,accordingto
Sec.8.2.2. We then update the ÔcolorsÕ of the current cubes according to Table8.1.

old color:
test result:

black gray white

inside black gray white

ambiguous gray gray white

outside white white white

Table 8.1: Updaterulesfor octreecubes.Note thatcolorscanonly changefrom
blackto grayor white andfrom grayto white.This ÔcarvesawayÕthe
volume.
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8.2.2   Silhouette Intersection Test

Projectinga cubeinto theimageplaneresultsin generalin a six-sidedpolygon.But insteadof
doingthecomputationalexpensivetestwetherthatpolygonlies insideor outsidethesilhouette,
acoarsertestis used.It is insteadtestedif theboundingsquareof thatpolygonliescompletely
insideor completelyoutsidethesilhouette.Thiscanbedonewith asinglelookupinto two dis-
tancemaps(seeSec.8.2.3),computedfrom thesilhouetteandits complement.Moreprecisely,
bothextremalalignmentsof theboundingsquarearetested(therearedifferentpossiblealign-
ments of the bounding square if the bounding box of the projected cube is not a square).

8.2.3   Half-Distance Transform

Eachpoint of thehalf-distancemapcontainsthesizeof the largestpossiblesquarestartingat
that pixel that fits completely inside the foreground (for example the silhouette).

Algorithm:

1. Initialize Þeld: set all foreground pixels to 1 and all background pixels to 0.

2. Process each pixel in reverse raster order, omitting the highest column and highest row:
Attach the value of 1 plus the minimum of the values of its three (already visited) neigh-
bors in raster scan direction: .

8.3   Incorporating Refraction

It is necessaryto modeltherefractionin threedimensions.Theideato putthechessboardinside
or behindtheculturepotandto compensatetherefractioninsidetheimagespaceusingthelens
distortionmodel,doesnot work becauserefractionis a non-linearthree-dimensionaltransfor-
mation.

Theonly accessof thereconstructionalgorithm(describedin Sec.8.2)to theimagesis done
by projectionfrom theoctree(world coordinates)to theimages,no back-projectionis needed.
Therefore,refractionis incorporatedinto the projectionmodelaccordingto Fig. 8.2. This is
doneby first calculatingrefractionpoint,thepointwheretheraycrossesthepotsurface,accord-
ing to Sec.8.3.2.This point is thenprojectedinto the given image,including lensdistortion,
accordingto the projectionmodelusedby OpenCV.As a consequence,the octreehasto be
completely located inside the pot modeled by the refraction planes.

Thefact thatthereis double-refraction,is neglected.In reality,theray is first refractedat the
borderbetweenculturemediaandglass,afterthatit is refractedat theborderbetweenglassand
air. It seemsreasonableto neglectthe first refractionbecausethe glasswalls areusuallythin
comparedto thepotsizeandbecauseglasshasasimilarrefractionindexto culturemedia,com-
paredto air. Hence,in respectto refraction,thetransparentpot inclusiveits contentis modeled
asculturemediaandrefractiontakesplaceat thesurfaceof thepot at refractionindexcorre-
spondingto the overall double-refraction.This meansthat the refractionindex usedby this
methodisnotthetruerefractionindexof theculturemedia,it is insteadavirtual refractionindex
thatincorporatesthedoublerefractionfrom culturemediaoverglassto air. However,sincethe
doublerefractioncanbeneglected,thisvirtual refractionindexis supposedto benearto thereal
refractionindexof theculturemedia.For experimentalresultsof thevirtual refractionindex,
refer to Sec.9.2.Comparisonwith the truerefractionindexof theculturemediaandtheused
glasshasnotyetbeendone.Becausetheculturemediacanbesetupusingdifferentconcentra-
tions(seeSec.3.3.1.3)andbecauseno informationaboutits refractionindexcouldbefound,a
refractometerseemsnecessaryandconvenientfor themeasurementof thetruerefractionindex
of the culture media.

val x y, 1 min val x 1+ y, min val x y 1+, val x 1+ y 1+,,( ),( )+=
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Algorithm for projecting a given point into a given image, incorporating refraction:

1. Convert given point from world coordinatesto cameracoordinates(apply rotationand
translation of the extrinsic calibration according to EquationA.6).

2. Get the refraction plane that is relevant for projecting the given point into the given
image (there is only one such plane). This is done according to Sec.8.3.1.

3. Convert the position and the normal of the relevant refraction plane from world coordi-
natesto cameracoordinates(applyextrinsiccalibrationÕsrotationto thepositionandthe
normal while applying its translation only to the position, according to EquationA.6).

4. Get the refraction point on that plane according to Sec.8.3.2.

5. Project the refraction point into the image using the common projection model used by
OpenCV. However, since conversion from world coordinates to camera coordinates has
already been done, this conversion is omitted.

8.3.1   Relevant Refraction Plane

Givenanimageandits extrinsiccalibration(henceits virtual cameraposition),wefirst compute
, thevectorof theopticalaxisin world coordinates.This is doneby rotatingthez-unitvector

with the inverserotationof the extrinsiccalibration(seeEquationA.7). Thenwe go over all
refractionplanenormals,searchingtheonethatis mostoppositeto . Becausethenormalsare

orientedto point outwardsof theculturepot (describedin Sec.7.5), this is doneby searching
the normal with smallest , see Fig. 8.3.

8.3.2   Refraction Point

As alreadymentioned,we call thepoint, wherethe ray crossesthepot surface,the refraction
point. Thegoalof this sectionis to computethis point. For this, we havethepoint to bepro-

Figure 8.2: Refractionis incorporatedinto theprojectionby first calculatingtherefrac-
tion point,thepointwheretheraycrossestheborderbetweenculturepotand
air. Thispoint is thenprojectedinto thegivenimageusingthecommonpro-
jection model including lens distortion.
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jected,in cameracoordinates.We alsohavethepositionandthenormalof therelevantrefrac-
tion plane,in cameracoordinates.Wehavealsotherefractionindexof theculturepot,actually
manually determined according to Sec.8.7.

Thecomputationof therefractionpoint is doneaccordingto theschemeshownin Fig. 8.4.

Thedistances , and arecomputedfrom , theorthogonalprojectionof thecamera
onto therefractionplaneand , thepoint projectedorthogonallyto therefractionplane.The

Figure 8.3: Setupfor thedetectionof therelevantrefractionplane(seenfrom top).The
relevantrefractionplaneis theplanewith smallest . Therotationaxis
is only markedfor showingthat in general,theopticalaxis doesnot hit
the rotation axis.

Figure 8.4: Computationof therefractionpointbydeterminationof , giventheposition
of thepoint, thecamera,therefractionplaneand , therefractionindexof
the culture pot. Refer to Sec.8.3.2 for details.
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distance representsthe wantedrefractionpoint. After this distanceis computed,the three-
dimensional position of the refraction point (in camera coordinates) is computed by:

(8.1)

It canbeseenthatthedistances , (andof course ) aswell astheangles and depend
ontherefractionindex . Hencewewantto getanequationfor in respectto andthe

distances ,  and .

We start with SnellÕs law of refraction:

(8.2)

Therelativerefractionindexwhenpassingfrom mediumwith refractionindex into medium

with refraction index  (in our case air, therefore ) is:

Since  and  we get from Equation8.2:

(8.3)

Thiscanbeinterpretedasthetheoremof intersectinglinesÔdistortedÕby therefractionindex .
This means that  changes the proportions of the theorem, see Fig. 8.5.

Using  and  inside Equation8.3 we get:

We got the wanted equation for in respect to , ,  and :

(8.4)

This equationwould leadto analgebraicequationof fourth degreein . Insteadof solving
thatequation,it hasbeenchosento useNewtonapproximation.This seemsappropriatesince
wecandoareasonableinitial estimationof , by assumingnorefraction.We justcomputethe
pointwheretheraywouldcrosstherefractionplaneif norefractionwouldapply.Usingthethe-
orem on intersecting lines, we get

r

cam© r+
p© cam©Ð
p© cam©Ð

-------------------------×

d e r a b
npot r npot

a b c

asin
bsin

-----------
n2
n1
-----=

n1

n2 n2 1=

n2
n1
----- 1

npot
---------- n= =

asin c rÐ
d

-----------= bsin r
e
--=

c rÐ( )
r

--------------- n
d
e
---×=

n
n

d b2 c rÐ( )2+= e a2 r2+=

c rÐ
r

----------- n
b

2
c rÐ( )

2
+

a
2

r
2

+
-----------------------------------×=

r a b c n

n r b
2

c rÐ( )
2

+×

c rÐ( ) a
2

r
2

+×
------------------------------------------ 1Ð× 0=

r

r



8.3   INCORPORATING REFRACTION 59

and from this we get the initial estimation  corresponding to no refraction:

(8.5)

TheNewtonapproximationis guaranteedto convergeto theright solutionbecausetheÔdis-
tortedÕtheoremon intersectinglines (Equation8.3) hasno singularitiesfor and

lies within that range.Themotivation(seeFig. 8.5) is thatwhile would resultin

the original theoremon intersectedlines, valuessmallerthan1 shift the proportioninto one
direction,whereasvalueslargerthan1 shift it into theoppositedirection.Thisimpliesthatthere
is exactlyonesolutionfor each . The extremaltheoreticalvaluesof are (this
would resultin ) and (would resultin ). This leadsto theassumptionthat
therearenosingularitiesfor . Moreover,theanalysisof someexamplesshowedthat
there is usually only one real-valued solution.

TheNewtonapproximationof Equation8.4 leadsto a quitecomplexequationandis there-
fore shownin App. A.7. As alreadymentioned, is first initialized to andthenthereare

doneNewtoniterationsuntil thechangeof is smallenoughor themaximaliterationcounthas
been reached.

Wethencomputetherefractionpoint(in cameracoordinates)from theresulting according
to Equation8.1.

Figure 8.5: Effects of the ÔdistortedÕ theorem on intersecting lines.
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8.4   VeriÞcation

A controlimageisgeneratedfor eachimagethathasbeenusedfor reconstruction.Theseimages
consistof theimageitself with additionalinformation,referto Fig. 8.6.Theyareusedfor ver-

ification of the reconstructionandalsoasview for interactiveadjustments,for examplethe
adjustment of the desired reconstruction region and the adjustment of the control points.

Figure 8.6: Control image,refer to Sec.8.4 for moredetails.Note that the intersection
line goingthroughcontrolpoint sevenandeightis notgoingalongtheedge
andthat its lower enddoesnot reachthebaseplate( , wherethecali-
brationchessboardwaslocated).Thishappensbecausetheintersectionlines
areprojectedwithout refraction,thereforeit is ignoredinsidetheshownex-
ample.

projection of the recon-
struction (purple), ac-
cording to Sec.8.4.2

refraction plane control
point (cross),largecross
because on Ôcontour
edgeÕ, see Sec.7.4.1

diamond indicates the
automatically detected
desired location of the
control point projection,
according Sec.7.4.2

intersectionbetweenthe
refractionplanes(dotted
line), should lie on the
pot edge, see Sec.7.6

theboxsymbolindicates
the current (selected)
control point

segmentation(red), ac-
cording to Sec.6

cornerof the octree,ac-
cording to Sec.8.4.1

z 0=
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8.4.1   Projection of the Octree corners

Foradjustmentandvisualizationof thereconstructionregion(thesizeandlocationof theinitial
octree),its eightcornersareprojectedinto thecontrolimages(seeFig. 8.6).Becausetheoctree
is located inside the pot, the projection of the corners is done including refraction.

8.4.2   Projection of the Reconstruction

A measureof reconstructionconsistency(especiallytheconsistencyof calibration,thesegmen-
tations,therefractionplanesandtherefractionindex)is givenby theprojectionof theresulting
reconstructioninto theusedsilhouettesimages(seeFig. 8.6).Whencomparedto thesegmen-
tation of the image, it can be seen if the desired silhouette could be met by the reconstruction.

Reconstructionconsistencycorrespondsto the congruencebetweenthe projectionsof the
reconstructionandthesegmentations.It is actuallycheckedvisually.Sec.8.9.1describesapos-
sible way to compute a numeric measure of the reconstruction consistency.

8.5   Convert Octree to Voxels

Sincetheoctreeis chosento consistof isometriccubes,it canbeconvertedwithout lossto iso-
metric voxels.The conversionis doneusing recursion,startingat the top-level cube.Each
octree-cubecorrespondsto a cubeof voxels with a side-lengthof a power of two voxels,
depending on the refinement level.

Octree-cubesthatareÔblackÕarealwaysconvertedto foregroundvoxelswhile ÔwhiteÕcubes
arealwaysconvertedto backgroundvoxels.CubesthatareÔgrayÕ,buthavenochildren(ambig-
uouscubesin thelast refinementlevel, or just terminalgraycubes),canbeoutputusingthree
available modes:

¥ Outputasforeground,resultingin theouterapproximationof thereconstruction.This is
usually the best choice.

¥ Outputasbackground,resultingin the inner approximationof the reconstruction.This
usuallyproducesvery few foregroundvoxels,becausealreadysatisfyingreconstruction
resultsusuallystill havemoreÔgrayÕcubesin thelastreÞnementlevel thanÔblackÕcubes.

¥ Outputasathird value(producingaternarydata-set),usuallytheusedvalueis in themid
betweentheforegroundandthebackgroundvalue.This maybethebestchoice,sinceit
doesnot loseinformation.This modecanbe interpretedasmeanapproximationof the
reconstruction.For this, the ternaryvoxel Þeldis usuallysmoothedor interpolated.The
reconstructionis representedfor exampleby anisosurfaceat thelevel in themid between
the foreground value and the third value.

8.6   Isosurface

Visualizationof thereconstructionis doneby OpenGLusinga triangle-basedisosurfacerepre-
sentationof thevolumereconstruction.It hasbeenchosento computetheisosurfacefrom the
voxel representationinsteadof computingit directly from theoctree(this would bea possible
extensionmentionedin Sec.8.9.3).TheisosurfaceiscomputedusingtheMarchingCubesalgo-
rithm [5].

Thesurfacerepresentationcanalsobesavedto a file. Thiscanbedoneusingdifferentcoor-
dinateformats.Theuserhasthechoicebetweenworld coordinatesandculturepotcoordinates.
Bothcoordinatesystemsarein millimeters.Theworld coordinatesystemis boundto therotat-
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ing chessboardpatternaccordingto Fig. 4.1onpage30.Seebelow(Sec.8.6.1)for thedescrip-
tion of the culture pot coordinate system.

8.6.1   Culture Pot Coordinates

Theculturepotcoordinatesystemis boundto theculturepotaccordingto Fig. 8.7.Becausethe

culturepotsarepositionedarbitraryon the motor for acquisition,different reconstructionsof
thesameobjectwill by rotatedandtranslatedin world coordinates.Culturepotcoordinatesare
invariant to the approximatepositioning.They arethereforeusedwhendifferent reconstruc-
tions of the same object have to be compared.

8.7   Determination of the Refraction Index

Actually, therefractionindexof thepothasto bedeterminedby trial anderror.This is doneby
choosingasmallregionto bereconstructed,containingfine structure.Thenthisregionis recon-
structedusingdifferent refractionindicesandthe resultsarecompared(viewing their three-
dimensionalreconstructionsaswell astheircontrolimages).Therefractionindexis adjustedto
producereconstructionsthatareasconsistentaspossible(seeSec.8.4.2).Of course,therefrac-
tion planes have to be detected properly before the determination of the refraction index.

8.8   Implementation

The implementation of reconstruction is calledrvhrec  and is described in App.B.7.

Figure 8.7: Theculturepotcoordinatesystemis derivedfrom theworld coordinatesys-
temby planartranslationandplanarrotationinsidethex/y plane.Thefour
shownpointsare the pointswherethe four lateralpot edgespassthe z=0
planein world coordinates,seenfrom topandlabeledby thepotedgeindex.
Theyarecomputedby intersectionof therefractionplanes.Point1 is theor-
igin of theculturepotcoordinatesystem.Point2 definesthey-axis.Theco-
ordinateaxesof theculturepotcoordinatesystemareshownby arrows.The
showncasecorrespondsto a steppermotorrotatingcounterclockwisewhen
seen from top.
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8.9   Future

8.9.1   Automatic Determination of the Re-Projection Error

Actually verificationof thereconstructionis donevisuallyby checkingthecongruencebetween
the re-projectionof the reconstructionandthecorrespondingsegmentation.This is similar to
the ideaof PhotoConsistency, describedin [2]. Theverificationcouldbeautomatedby com-
puting the congruence error the following way:

1. Project the reconstruction according to Sec.8.4.2.

2. To exclude false-positive segmentation noise from the measurement, all segmentation
components that are not connected to the roots are excluded. This is done by using the
projected reconstruction as selector for a connected components process inside the seg-
mentation.Thisresultsin all partsof thesegmentationthatareconnectedto theprojected
reconstruction.

3. Compute the range where the reconstruction projects inside the image. This is done by
projecting the corners of the top-level octree into the image. Then the range is deter-
mined that looks through both, the front side and the back side of the projected cube.

4. Perform anexclusive or operation between the segmentation and the image generated in
step 2, only inside the range determined in step 3. Count the hits of the xor.

Oneof theremainingproblems:If thereconstructedregionis small,theprobability is high
that it will contain segmentation parts that are not covered by the reconstruction.

8.9.2   Automatic Determination of the Refraction Index

Thiscanbedoneusingasearchof theindexonthebasisof there-projectionerrorof Sec.8.9.1.

8.9.3   Marching Cubes on Octree

Actually, the isosurfaceis computedusingthe marchingcubesalgorithmworking on voxels.
Therefore,theoctreeis first convertedto voxelsandthenprocessedby marchingcubes.This
wastesa lot of computationtime andmemory.Thereforethemarchingcubesalgorithmcould
be adaptedto octreesandthe voxel representationcould be computedonly on demand.This
would also automatically result in optimized triangle meshes.

8.9.4   Sorted Connected Components

To give theuserthepossibility to choosethedesiredobjectin thecasethat thereconstruction
consistsof several(separated)objects,aconnectedcomponentsmethodcouldbeimplemented
thatsortsthecomponentsby size,giving theuserthepossibilityto easychoosethecomponent
by its size.

8.9.5   Parallelizing

Refer to the underlying paper [8].

8.9.6   Octree Arrays

Actually, only cubic reconstructionregionsaresupported.Becausethe reconstructionregion
hasto becompletelycontainedinsidetheculturepot, it maybeimpossibleto reconstructlong-
ish objects.The solutionwould be to start the reconstructionprocesswith an arrayof initial
octreecubesinsteadof just one initial cube.In the meantime,it is possibleto simulatethis
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methodby reconstructingtheobjectin severalcubicpartsandjoining thereconstructedparts.
This canbedoneon thebasisof voxels,or by joining thesurfacerepresentationsusingOpen-
InventorÕsivcat  (recommended).
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9
9Results

This chapterpresentssomeresultsandconclusions.Section9.1 presentssomereconstruc-
tion results.Section9.2presentstheexperimentallydeterminedrefractionindexanddiscusses
the result. Section9.3 contains some considerations about accuracy.

9.1   Reconstructions

This sectionpresentssomereconstructionresults,visualizedaccordingto Sec.8.6. Fig. 9.1
showsreconstructionsof aricerootusingdifferentrefinementlevelsandTable9.1containsthe
correspondinginformation.Fig. 9.2showsa reconstructionof theupperpartof thesameroots
andFig. 9.3showsthecorrespondingcontrol image.Fig. 9.4showsthecombinedsurfacerep-
resentationsof the lower part andtheupperpart of the roots.Fig. 9.5 showsanotherview of
same object, revealing ghosting effects.

Fig.9.1
a

Fig.9.1
b

Fig.9.1
c

Fig.9.1
d

Fig. 9.1
e

Fig. 9.2

iterations 6 7 8 9 10 9

voxels

resolution [mm] 1.25 0.625 0.3125 0.15625 0.078125 0.15625

octree cubes 25713 31889 45129 87505 241889 471393

terminal gray cubes (Sec.8.5) 100% 100% 99% 96% 85% 97%

isosurface triangles 3106 6168 18700 57862 197568 367834

computation time [s] 23 30 50 117 445 727

Table 9.1: Experimentalresults.It canbeseen,thatif theiterationcountis increased,thenum-
berof neededoctreecubesgrowsmuchslowerthanthenumberof correspondingvoxels.Note
also,thatthereconstructionof themorecomplexupperpartof theroots(Fig. 9.2)needsmore
timeandmorecubesfor reconstructionthanthesimplerlowerpart(Fig. 9.1d),whenusingthe
samerefinementlevel.Notealsotheeffectof theartefactsinsideFig.9.1a.Reconstructionwas
done at 1.2 GHz CPU speed.

323 643 1283 2563 5123 2563
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Figure 9.1: Reconstructionof a givenroot usingincreasingrefinementlevels.Imagea
containsreconstructionartefactsdue to false positive segmentations.The
artefactsdisappearwith increasingiterationcountbecausetheyareusually
not three-dimensionallyconsistent.Pleaserefer to Table9.1. The images
usedfor reconstructionweredownsizedto 640x 480pixelsduringprepro-
cessing (this is true for all shown examples inside this thesis).
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9.2   Refraction Index

In oursetup,weobtainedanapproximaterefractionindexof 1.345,usingtrial anderroraccord-
ing to Sec.8.7,seeFig. 9.6.Thisseemsrealisticsincetherefractionindexof wateris 1.33and
theculturemediais supposedto havea higheropticaldensitythanwater.However,sincewe
did not measurethetruerefractionindexof theculturemedia(usinga refractometer),it is not
possibleto estimatetheeffectof doublerefraction.Referto Sec.8.3for moreinformationabout
double refraction and the refraction index.

9.3   Accuracy

Theaccuracyof thereconstructionis actuallyonly verifiedvisually usingtheprojectionof the
reconstruction(Sec.8.4.2).Fig. 9.3 showsasan examplethe control imagecorrespondingto
Fig. 9.2.A numericalmeasureof accuracyis proposedin Sec.8.9.1.Actually, accuracycanbe
estimated by interpreting the effect of different refinement levels according to Fig. 9.1.

Figure 9.2: Upper region of the roots shown in Fig. 9.1. See Table9.1 for details.
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Figure 9.3: Control image corresponding to Fig. 9.2, according to Sec.8.4.
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Figure 9.4: Combinedreconstructionsof Fig. 9.1 d andFig. 9.2,usingOpenInventorÕs
ivcat  andSceneViewer .



70 9.   RESULTS

Figure 9.5: Sameobjectasin Fig. 9.4, from differentview. Thereareghostingeffects
visibleatthetopof theroot(referto Sec.B.7.9.4for details).Thisis because
theupperpartsof thepotareseenmoreorthogonally,resultingin smalleras-
pectsteepness(refer to App. B.7.9.4for details).Onesolutionwould beto
changethecamerapositionandtheaspectsteepness.Sincethereconstructed
rice plant wasnot put deepenoughinto the culturemediato allow recon-
structionof theentireroot,it is supposedthatputtingit deepenoughinto the
mediawill alsosolvethe ghostingproblem,becausea singlestemcannot
produce ghosts.
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Figure 9.6: Effectof therefractionindexto thereconstruction.Therefractionindexwas
determinedas1.345.Notealsothedistortiondueto refraction,mainly visi-
ble as vertical shift. Refer to Sec.9.2 for details.
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A
AMiscellaneous

A.1   Dependencies

The dependencies of the overall process are shown in TableA.1.
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capture file (Sec.B.13.1) R

intrinsic image (Sec.3.5.1) W R

extrinsic image (Sec.3.5.2) W R R

data (roots) image (Sec.3.5.3) W R R

acquisition file (Sec.B.13.2) W R

intrinsic calibration (Sec.B.13.3) W R R R R

extrinsic calibration (Sec.B.13.5) W W R R

segmentation (Sec.6) W R

refraction index (Sec.8.7) R

refraction planes (Sec.7) W R

voxel block (Sec.B.13.7) W R

Table A.1: Processdependencies:Thedata(horizontally)andtheactions(vertically),ÔRÕ
meansthatthedatais readby theactionwhile ÔWÕmeansthatit is written.Notethatthecap-
ture file (containing the angles to be captured at) is generated manually (see Sec.3.6.1) and
that the refraction index is actually determined interactively (refer to Sec.8.7).
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A.2   Plane Fitting

Fitting a planeto a set of three-dimensionalpoints is doneusing the least-squaresmethod
according to the reference listed in App.A.2.1.

We start with the plane represented by:

where is theplanenormal.Assumingthatthisnormalis normalized(haslength
1), the distance between a point  and the plane is given by

We want to minimize this distance for alln points in a least-squares sense by minimizing:

This leads to the following system of linear equations:

(A.2)

EquationA.2 leadsto , where is thecenterof gravity of

the points.This meansthat the leastsquaresplanegoesthroughthe centerof gravity of the
points.To simplify thecomputation,wethereforesubtractthecenterof gravity from eachpoint
(translatingtheorigin to thecenterof gravity).Thismakestheleastsquaresplanepassthrough
the origin. Hence  and

From this we get again a system of equations:
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Using:

we get theA, B andC by solving the following system:

(A.3)

The trivial solution A=B=C=0 is no solution to our problem, so we could require

. This leadsto aeigenvalue/ eigenvectorproblem.In fact, thedesiredplane
normal is the eigenvectorbelongingto the smallesteigenvalueof the matrix
inside EquationA.3. The eigenvalues and eigenvectors are computed using OpenCV.

A.2.1   References

¥ http://www.infogoaround.org/JBook/LSQ_Plane.html
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A.3   3D Circle Fitting

First, a planeis fit into thegiventhree-dimensionalpoints.After that,a circle on thatplaneis
fit to thepoints,in a least-squaressense.This is doneusingtherealthree-dimensionaldistance
insteadof first projectingthepointsto theplaneandfitting atwo-dimensionalcircle to thepro-
jections, like in the listed references in App.A.3.3.

Algorithm:

1. Fit leastsquaresplaneinto givenpointsaccordingto App. A.1. Theresultis thecenterof
gravity of the points and the plane normal.

2. Compute rotation matrix that rotates the plane normal to the z-axis.

3. Transform the coordinates of the given points so that the least squares planes lies on the
x/y plane.This is doneby Þrsttranslatingtheorigin to thecenterof gravity (subtractcen-
ter of gravity from the point coordinates). Then the rotation matrix is applied.

4. Fit two-dimensional circle on x/y plane to the transformed points, according to
App. A.3.1.

5. Transform the center of the least squares circle back from the x/y plane to the least
squares plane (apply inverse rotation matrix and translate origin back from center of
gravity).

Result: Radius, center and rotation axis (the plane normal).

A.3.1   3D Circle on X/Y Plane

Fitting a circle on x/y plane to given three-dimensional points according to Fig. A.1.

Saythecenterof thecircle is at , its radiusis r andpoint i is locatedat .

We start with the distance of observation (pointi) to the circle:

using and , where and arethex andy com-

ponentsof thepoint i, orthogonallyprojectedto theplane.Sincethis is thex/y plane,

and . We get:

Figure A.1: Distance  of three-dimensional point  to the circle on x/y plane.
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(A.4)

We get the following derivatives of EquationA.4:

with . We compute the Jacobi matrix:

and the residual vector:
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Wesettheweightmatrixto theidentitybecauseof lackof information.Wegetthefollowing
adjustment per iteration:

and the corresponding updating rule:

Iterationis stoppedwhentheadjustmentgetssmallenoughor whenthemaximaliterationcount
is reached.

A.3.2   Initial Estimate using Linearized Equations

Forbetterconvergence,agoodinitial estimateis required.Thiscanbedoneby solvingthelin-
earized system of equations. For this, EquationA.4 is squared and linearized, resulting in:

(A.5)

this leads to the following linear system for,  and :

and  is computed from ,  and  using the definition of  inside EquationA.5.

A.3.3   References

¥ http://www.orbitals.com/self/least/least.htm

¥ http://sfmg.uncc.edu/shbui/lsq_minimax/lsq_minimax.htm#5.1
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A.4   Camera Coordinates to World Coordinates

A point in cameracoordinatesis convertedto world coordinatesusingtheextrinsiccalibration
of thecorrespondingimage.Theextrinsiccalibrationis appliedinversely.This meansinstead
of theusualapplicationof theextrinsiccalibration,theconversionfrom world coordinates

to camera coordinates :

(A.6)

it is applied inversely:

(A.7)

A.5   Pixel Coordinates to Camera Coordinates

A point in pixel coordinatesis convertedto cameracoordinatesusingtheintrinsiccalibrationof
the corresponding image.

Algorithm:

1. Apply thecameramatrix inversely(convertingthepoint from pixel coordinatesto image
coordinates) according to App.A.5.1.

2. Apply inverse distortion according to App.A.5.2.

3. Set z-component of un-distorted point to 1 (= image plane).

A.5.1   Inverse Application of Intrinsic Calibration

Thismeansthatinsteadof theusualapplicationof theintrinsiccalibration,theconversionfrom
image coordinates  to pixel coordinates :

(A.8)

where

is composedof the focal lengthsin x andy directionandp is theprincipalpoint, it is applied
inversely:

A.5.2   Un-Distort Image Coordinate

Un-distortsa point in imagecoordinates,undoinglensdistortion.This meansthat the inverse
intrinsic calibration(seeApp. A.5.1) hasto bealreadyappliedto thepoint. We call thegiven
point the distorted point and the desired point the un-distorted point.
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Let usfirst havealook howdistortionis modeled.Therearethreecoefficientsfor radialdis-
tortion andtwo coefficientsfor tangentialdistortion . A pointÕsx-coordi-

nate  is distorted to  as follows:

(A.9)

while . The y-coordinate is distorted to using:

(A.10)

Becauseformal inversionleadsto equationsof high algorithmic degree,un-distortionis
approximated iteratively using a linearized approach.

The initial guess of the un-distorted point is the distorted point itself:  and .

Thenwe do iterations,until thechangeis smallenoughor themaximaliterationcounthas
been reached, as follows:

where .

A.5.3   References

¥ MATLAB calibration toolbox of J. Y. Bouguet, routine comp_distortion_oulu.m

A.6   Ray through Pixel

Computesthe ray (in world coordinates)that passesthe given imagepoint (in pixel coordi-
nates). Result: Starting position of the ray and the direction of the ray.

Algorithm:

1. Computevirtual cameraposition by converting the origin from cameracoordinatesto
world coordinates, according to App.A.4.

2. Convert the point from pixel coordinates to camera coordinates according to App.A.5.

3. Convert the point from camera coordinates to world coordinates according to App.A.4.

4. Compute ray direction by subtracting the virtual camera position from the point com-
puted in the last step.
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A.7   Newton Approximation of Refraction Point

Wewanttodeterminetheonlyunknownparameter of Equation8.4onpage58,usingNewton
approximation:

(A.11)

We start with Equation8.4:

(A.12)

We compute from EquationA.12:

This term is used for the approximation according to EquationA.11.

Computationof the initial value for the approximationis done accordingto

Equation8.5.

A.8   Calibration Patterns

The chessboardpatternsfor calibrationaregeneratedusingthe programcalpattern (see
App. B.9). Two example patterns are shown in Fig. A.2 and Fig. A.3.

For accuracy,it is theideato generatepatternswith accordingresolutionandprinting them
1:1 insteadof scalingthem.Thepatternsareusuallygeneratedtoo largeandcut to thedesired
size.
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Figure A.2: Chessboard pattern of medium size, usually used for intrinsic calibration.
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Figure A.3: Chessboard pattern of small size, usually used for extrinsic calibration.
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B
BImplementation and

Manual

Thischapterservesasamanualfor theimplementation.It alsocoverssomeimplementation
details.Referto thetableof contentsfor anoverview.Themanualis organizedaccordingto the
structureof the thesis.A good overview of the processdependenciesgives the table in
AppendixA.1 on page73.

B.1   Organization of Files

It is recommendedto createaseparatedirectoryfor eachsetup.Insidethisprojectdirectory,one
directoryis createdfor intrinsic calibration(we call it ÔintrinsicÕ),anotherdirectoryis created
for extrinsic calibration (we call it ÔextrinsicÕ).For eachculture pot acquisitionwe create
anotherdirectoryinsidetheprojectdirectory(wecall themÔroots1Õ,Ôroots2Õ,etc.).Finally, we
maycreatea directoryfor all resultingreconstructions(we call it Ôroots_recÕ).We get thefol-
lowing directory structure:

project/intrinsic
project/extrinsic
project/roots_rec
project/roots1
project/roots2
...

B.1.1   project/intrinsic

This directory contains:

¥ the images of the intrinsic chessboard acquired according to Sec.3.5.1

¥ the intrinsic calibration Þle resulting from Sec.4 see App.B.13.3 for its format

¥ for each image a Þle containing data used for calibration, see App.B.13.4 for format

B.1.2   project/extrinsic

This directory contains:

¥ the images of the rotating chessboard acquired according to Sec.3.5.2
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¥ for eachusedimage,a Þlecontainingtheextrinsic calibrationresultingfrom Sec.5, see
App. B.13.5 for its Þle format

B.1.3   project/roots

These directories contain:

¥ the images of the rotated culture pot acquired according to Sec.3.5.3

B.1.4   project/roots_rec

This directory contains:

¥ all reconstructions resulting from the given setup

¥ Þlecontainingthedefaultcontrolpoints(App. B.13.6describesits format),for refraction
planedetection.Becausethedefault controlpointsshouldmeetall acquisitionsusingthe
samesetup(seeSec.7.2), rvhrec is startedfrom this directory, since it readsthe
default control points from the current directory.

B.2   Concurrency

Only rvhcale andrvhrec aremeantto berun concurrently,but not usedat thesametime,
in thesensethatit is forbiddento changesomethingusingrvhcale while rvhrec is process-
ingsomething.Concurrentrvhcale andrvhrec areusuallyusedtoenableordisableimages
and hence include or exclude them from the reconstruction process done byrvhrec .

B.3   rvhcap

Thisprogramis responsiblefor therotaryacquisitionaccordingtoSec.3.6.It controlsthemotor
thatrotatestheobjectandit triggersthecameraexposures.It alsotransportstheimagesinto the
controlcomputerandcreatestheaccordingacquisitionfiles, thatcontaintherotationanglethat
thecorrespondingimagewascapturedat. Acquisition files havethesamenameasthecorre-
sponding image but the extension Ô.acqÕ, see App.B.13.2 for the file format.

B.3.1   Synopsis

rvhcap <mode> <capture file> <base name> <#digits> <ext> <photopc cmd>

B.3.2   Options

The options are listed in the order of the synopsis.

B.3.2.1   mode

This parameter controls the acquisition mode. Possible values are:

¥ Setto ÔmÕfor takingtheimagesmanually. This is necessaryfor camerasthatarenotsup-
ported by the software.

¥ Otherwise set to ÔaÕ for automatic triggering of the camera.

B.3.2.2   capture Þle

This is thenameof thefile containingtheanglesthattheobjecthasto becapturedat,described
in App. B.13.1.It is actuallygeneratedmanuallyusinga text editor.This hasto bedoneonce
for each new set of rotation angles.
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Example: rvhcap_36view.cap

B.3.2.3   base name

This string defines the basis for the resulting image names.

Example: 2003-08-20_roots_

B.3.2.4   number of digits

This parameterdefineshow manydigits areusedfor thesequencenumberinsidethenamesof
the resulting images.

Example: 2

B.3.2.5   extension

Theextensionof theresultingimagenames.Becauseimagefile formatis definedby thecam-
era, this extension has to match the type of the image.

Example: .tif

B.3.2.6   photopc commands

This parameter contains commands forphotopc , the program that controls the camera.

Example: "-u eraseall snapshot image 1 ."

B.3.3   Examples

B.3.3.1   Acquisition of rotated chessboard
cd project/extrinsic
rvhcap a rvhcap_36view.cap 2003-08-20_extrinsic_ 2 .tif "-u eraseall snapshot image 1 ."

B.3.3.2   Acquisition of culture pot
cd project/roots1
rvhcap a rvhcap_36view.cap 2003-08-20_roots1_ 2 .tif "-u eraseall snapshot image 1 ."

B.3.4   Trouble Shooting

Especiallydueto heavypots,it mayhappenthatstepsareÔlostÕ.Thenit is necessaryto adapt
the step speed ofparflop , actually inside the source code.

B.4   rvhconv

This shell script is used to preprocess the captured images according to Sec.3.7.

B.4.1   Synopsis

rvhconv <convert options> <outname append> <outname ext> <files>

B.4.2   Options

The options are listed in the order of the synopsis.

B.4.2.1   convert options

This are the options for the programconvert .

Example: "-scale 640x480 -colorspace gray +dither"
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B.4.2.2   output name append

Thisstringwill beappendedto thenameof thesourceimage,to producethenamefor thecon-
verted image.

Example: _640x480

B.4.2.3   output name extension

This is s theextensionfor thefilenameof theconvertedimage.It alsodefinesthedesiredfile
format (detected byconvert ).

Example: .tif

B.4.2.4   image Þles

The names of the images to be preprocessed.

Example: *.tif

B.4.3   Example

cd project/intrinsic
rvhconv.sh "-scale 640x480 -colorspace gray +dither" _640x480 .tif *.tif

Becauseconversionusuallychangesthenamesof the imagesdueto theappend,thecorre-
sponding acquisition files need to be renamed too, as follows:

mmv "2003-08-20_extrin_*.acq" "2003-08-20_extrin_#1_640x480.acq"

It is recommended to backup the acquisition files before renaming them.

B.5   rvhcali

This program performs intrinsic calibration according to Sec.4.

B.5.1   Synopsis

rvhcali <int. calib> <chess x> <chess y> <#chess x> <#chess y> <max. error> <images>

B.5.2   Options

The options are listed in the order of the synopsis.

B.5.2.1   intrinsic calibration Þle

This parameter defines the name of the file that the resulting intrinsic calibration is written to.

Example: calib_int.cal

B.5.2.2   chess square size in x-direction

Thesizeof asinglesquareof thechessboardpattern,in x-directionin millimeters(referto Fig.
4.1 on page30 for the definition of the coordinate system).

Example: 6.5875

B.5.2.3   chess square size y-direction

Thesizeof asinglesquareof thechessboardpattern,in y-directionin millimeters(referto Fig.
4.1 on page30 for the definition of the coordinate system).

Example: 6.5875



B.5   RVHCALI 89

B.5.2.4   number of inner chess squares in x-direction

Thenumberof innersquaresof thechessboardpattern,in x-direction.Innersquaresarethose
thatdo not touchthechessboardborder.Hencethenumberof innersquaresin this directionis
the true count of squares in this direction, minus two.

Example: 8

B.5.2.5   number of inner chess squares in y-direction

Thenumberof innersquaresof thechessboardpattern,in y-direction.Innersquaresarethose
thatdo not touchthechessboardborder.Hencethenumberof innersquaresin this directionis
the true count of squares in this direction, minus two.

Example: 8

B.5.2.6   maximal re-projection error

This parameteris usedto automaticallydisableimageswith too large re-projectionerror,
according to Sec.4.4.3.

Example: 0.5

B.5.2.7   names of the image Þles

The namesof the preprocessed(seeApp. B.4) imagesof the intrinsic chessboardpattern,
acquired according to Sec.3.5.1.

Example: *.tif

B.5.3   Example

cd project/intrinsic
rvhcali calib_int.cal 6.5875 6.5875 8 8 0.5 *.tif

B.5.4   User Interface

Theuserinterfaceconsistsof a singlewindow. This window containstheview of thecurrent
image and two sliders, see Fig. B.1. Additional actions are available using shortcuts.

B.5.4.1   Sliders

¥ half_win: This parametercontrolsthecornerdetectionalgorithm.It deÞnesthehalf size
of thesearchwindow usedby OpenCVÕs FindCornerSubPix() . It is usuallydeter-
mined by trial and error by adapting it until the right corners get found.

¥ image: This slider represents the current image.

B.5.4.2   Shortcuts

¥ ÔdÕ:Toggles the image state betweenenabledand disabled,according to Sec.4.1.
Enabled images must have correctly detectedchessboardcorners. When enabling
images,the detectedcornersshouldbe checked visually anddetectedmanually(ÔcÕ)or
reÞned(ÔrÕ),if necessary. It maybenecessaryto disableimagesthatmakethecalibration
fail.

¥ ÔDÕ:Disablesall images.This is usually usedfor initialization or if somethinggoes
wrong (see also App.B.5.6.1).

¥ ÔcÕ:This shortcutstartsthemanualcornerdetectionprocesswith subsequentcalibration.
After pressingÔcÕ,theuserhasto click thefour extremalinnercornersaccordingto Fig.
4.1onpage30.Cornerdetectionis doneaccordingto Sec.4.2usingthehalf_winparam-
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eter (App. B.5.4.1), calibration is done accordingto Sec.4.3. Re-projectionis done
accordingto Sec.4.4. After calibration, thoseimagesare automaticallydisabledthat
have a largerre-projectionerror thantheuser-deÞnedmaximum(App. B.5.2.6),accord-
ing to Sec.4.4.3.

¥ ÔrÕ:ReÞnesthedetectedcornersaccordingto Sec.4.5with subsequentcalibration.ReÞn-
ing requiresthat thegivenimageis alreadycalibratedapproximately(usingÔcÕ).This is
veriÞedeitherby watchingthere-projectionerroror by visualveriÞcationof there-pro-
jectionof thechessboardcorners(bluecrosses):they shouldbenearto thecorresponding
cornersdetectedinsidetheimage(redcrosses),seeFig. B.1. However, all otherenabled
imagesdo not needto becalibrated,they only needto containproperlydetectedchess-
boardcorners.After calibration,thereÞnedcalibrationis usedto computethere-projec-
tion error (Sec.4.4.1). Automatic disabling of images,writing of the calibrationand
rejection of the calibration is done according to Sec.4.4.3.

¥ Ô,Õ: Go to previous image.
¥ Ô.Õ: Go to next image.

Figure B.1: User interface ofrvhcali .
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B.5.5   Guidelines

B.5.5.1   Overview
¥ Startwith few images,for exampletwo (theminimalcount)andincreasethecountwhile

checking the re-projectionerror and the visual correspondence.If somethinggoes
wrong, disableall images(usingÔDÕ)andenablethemoneby onewhile checkingthe
calibration result.

¥ Even if alreadyfew imagesproducewell calibrations,thereshouldbe usedas many
imagesaspossible.However, for convenience,usuallylessthan20 well-orientedimages
are used (see Sec.3.5.1).

B.5.5.2   Calibration

Sincecalibrationis doneautomaticallyaftercornerdetection(seeabove),theonly thingthatthe
userhasto do is to detectthecornersinsidethe images.This is doneimageby image.Corner
detection is done as follows:

1. Use ÔcÕ to manually click the extremal inner corners of the chessboard.
2. Use ÔrÕ to reÞne the corner detection.

B.5.6   Trouble Shooting

B.5.6.1   calibration fails

Solution:Disablethe imagemakingproblems.If necessary,disableall images(ÔDÕ)andre-
enablethem,imageby image,while watchingthere-projectionerror(for exampleby refining
the calibration using ÔrÕ).

B.5.6.2   too large re-projection errors (inaccurate calibration)

Thereis probablyanenabledimagewith incorrectlydetectedchessboardcorners.Samesolu-
tion as App.B.5.6.1.

B.5.6.3   Further Analysis and Trouble Shooting

Forfurtheranalysisanderrorsearch,werecommendtheMATLAB calibrationtoolboxby J.Y.
Bouguet.Its methodis identicalto theoneusedfrom OpenCV,henceit is easyto convertits
resultsto the file formatusedby our software.Theycanthenbecomparedor usedinsideour
software.Thetoolboxshowsfor examplethedistortionvector-fieldandthethree-dimensional
position of the chessboard inside each image.

B.6   rvhcale

This program performs extrinsic calibration according to Sec.5.

B.6.1   Synopsis

rvhcale <int. calib> <chess x> <chess y> <#chess x> <#chess y> <max. error> <images>

B.6.2   Options

The options are listed in the order of the synopsis.

B.6.2.1   intrinsic calibration Þle

The name of the file that contains the intrinsic calibration generated byrvhcali  (App.B.5).

Example: calib_int.cal
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B.6.2.2   chess square size in x-direction

Thesizeof asinglesquareof thechessboardpattern,in x-directionin millimeters(referto Fig.
4.1 on page30 for the definition of the coordinate system).

Example: 3.9625

B.6.2.3   chess square size y-direction

Thesizeof asinglesquareof thechessboardpattern,in y-directionin millimeters(referto Fig.
4.1 on page30 for the definition of the coordinate system).

Example: 3.9625

B.6.2.4   number of inner chess squares in x-direction

Thenumberof innersquaresof thechessboardpattern,in x-direction.Innersquaresarethose
thatdonot touchthechessboardborder.Hence,thenumberof innersquaresin thisdirectionis
the true count of squares in this direction, minus two.

Example: 6

B.6.2.5   number of inner chess squares in y-direction

Thenumberof innersquaresof thechessboardpattern,in y-direction.Innersquaresarethose
thatdonot touchthechessboardborder.Hence,thenumberof innersquaresin thisdirectionis
the true count of squares in this direction, minus two.

Example: 8

B.6.2.6   maximal re-projection error

This parameteris usedto automaticallydisableimageswith too large re-projectionerror,
according to Sec.5.1.

Example: 0.5

B.6.2.7   names of the image Þles

Thenamesof thepreprocessed(seeApp. B.4) imagesof therotatedextrinsicchessboardpattern
acquired according to Sec.3.5.2.

Example: *.tif

B.6.3   Example

cd project/extrinsic
rvhcale ../intrinsic/calib_int.cal 3.9625 3.9625 6 8 *.tif

B.6.4   User Interface

Theuserinterfaceconsistsof two windows.The first containsthe two-dimensionalview and
containstwo sliders.Thesecondwindow containsthethree-dimensionalview of theresulting
virtual camera positions (see below). Additional actions are available using shortcuts.

B.6.5   2D View Window

See Fig. B.2 for an example.
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B.6.5.1   Sliders

¥ half_win: This parametercontrolsthecornerdetectionalgorithm.It deÞnesthehalf size
of thesearchwindow usedby OpenCVÕs FindCornerSubPix() . It is usuallydeter-
mined using trial and error by adapting it until the right corners get found.

¥ image: This slider represents the current image.

B.6.5.2   Shortcuts

¥ ÔdÕ:Togglestheimagestatebetweenenabledanddisabled,accordingto Sec.5.1.This is
mainly usedfor excluding imagesfrom thereconstructionprocess(rvhrec,Sec.8). It is
allowed(andthemeaning)thatrvhrec is runningconcurrentlywith rvhcale , allow-
ing calibration and especiallyenablingor disabling of imageswhen reconstructing.
However, duringreconstructionnothingshouldbechanged.Enabledimagesmustbecal-
ibrated correctly. This is veriÞed by watching the re-projections.

¥ ÔDÕ:Disablesall images.This is usually usedfor initialization or if somethinggoes
wrong.

¥ ÔcÕ:This shortcutstartsthemanualcornerdetectionprocesswith subsequentcalibration.
After pressingÔcÕ,theuserhasto click thefour extremalinnercornersaccordingto Fig.
4.1 on page30. Corner detection,calibration and re-projectionis done accordingto
Sec.5.2.The imageis automaticallydisabledif there-projectionerror is larger thanthe
user-deÞned maximum (App.B.6.2.6).

Figure B.2: 2D View of rvhcale .
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¥ ÔeÕ:Estimatesthe chessboardcornerswith subsequentcalibration and re-projection
accordingto Sec.5.3. Estimation requiresthat the Þrst image is already calibrated
togetherwith someotherimages,seeApp. B.6.7.Theimageis automaticallydisabledif
there-projectionerroris largerthantheuser-deÞnedmaximum(App. B.6.2.6),otherwise
it is enabled.

¥ ÔEÕ: Performs the estimation shortcut ÔeÕ for all images.

¥ ÔiÕ:Improves the chessboardcornersaccordingto Sec.5.4. This is doneby estimating
thecornersaccordingto shortcutÔeÕwith subsequentcalibrationandre-projection.Then
the resultingre-projectionerror is comparedto the error of the currentcalibration.The
improved calibrationis rejectedif its error is not smallerthan the currenterror. If the
error is smallerthan the user-deÞnedvalue, the calibrationis taken and the imagesis
enabled.

¥ ÔIÕ: Performs the improve shortcut ÔiÕ for all images.

¥ ÔrÕ:ReÞnesthedetectedcornersaccordingto Sec.5.5with subsequentcalibration.ReÞn-
ing requiresthat the given imageis alreadycalibratedapproximately. This is veriÞed
eitherby watchingthere-projectionerroror by visualveriÞcationof there-projectionof
thechessboardcorners(bluecrosses)insideFig. B.2. After calibration,thereÞnedcali-
bration is usedto computethe re-projectionerror. The reÞnedcalibrationis rejectedif
thiserroris notsmallerthanthecurrentre-projectionerror. If theerroris smallerthanthe
user-deÞned value, the calibration is taken and the image is enabled.

¥ ÔRÕ: Performs the reÞne shortcut ÔrÕ for all images.

¥ Ô,Õ: Go to previous image.

¥ Ô.Õ: Go to next image.

B.6.6   3D View Window

Thiswindowshowsthevirtual camerapositioncorrespondingto thecalibratedimagesin three
dimensions.It alsoshowsthethree-dimensionalcirclethatis fit into thevirtual camerapositions
for automatic extrinsic calibration according to Sec.5.3. See Fig. B.3 for an example.

B.6.6.1   Shortcuts

¥ ÔkÕ: Zooms out the three-dimensional view.

¥ ÔlÕ: Zooms in the three-dimensional view.

B.6.6.2   Mouse Interactions

¥ Rotate the scene using the left mouse button according to the trackball model.

¥ Selectthecurrentimageby selectingits virtual camerapositionusingtheleft mousebut-
ton. The virtual camera position of the current image is highlighted.

B.6.6.3   Menu

¥ Toggle the labels of the virtual camera positions on and off.

¥ Toggle visualization of the virtual camera positions between points and spheres.

B.6.7   Guidelines

B.6.7.1   Typical Process

1. Manuallycalibratethefour views moreor lessorthogonalto theculturepot (usingÔcÕ),
this leadsto an averagesearchwindow size.It is necessaryto calibratethe Þrst image
(usually captured at zero rotation angle).
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2. Estimate the calibrations of a few (uncalibrated) images (by pressing ÔeÕ) with an appro-
priatewindow size.This is donefor testingtheextrapolationprocess.If estimatingmore
thanonly a few images,try to choosethemsothatthevirtual camerapositionsof all cal-
ibratedandenabledimagesaremoreor lesssymmetricallydistributed(thishelpsthecir-
cle Þtting algorithm used for extrapolation, see App.A.3, in the case of only few
images).

3. If the estimation of single images worked, estimate all images using ÔEÕ. Otherwise cali-
brate more images manually until the estimation of single images works.

4. After all imageshavebeenestimated,thereareusuallystill someimageswith corruptor
inaccurate calibrations, because usually different images need different search window
sizes for corner detection. So we improve all images (ÔIÕ) several times, using different
search window sizes (half_win), until all desired images are approximately calibrated.

5. For further reÞning of the calibrations, all images are reÞned (ÔRÕ) several times, using
different search window sizes (half_win), until no improvement or until accuracy meets
the requirements.

6. Gooverall imagesandenable/ disableandimprove / reÞneuntil all enabledimagesare
well calibrated.

B.6.8   Trouble Shooting

For troubleshooting(or furtheranalysis)we recommendtheMATLAB calibrationtoolboxof
J.Y. Bouguet.Its methodis identicalto theoneusedfrom theOpenCVlibrary, henceit is easy
possibleto manuallyconvertits resultsto thefile formatusedby our software.Theycanthen
be compared or used inside our software.

Figure B.3: 3D view ofrvhcale .
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B.7   rvhrec

This programimplementsseveralmethods.It is responsiblefor thesegmentationof the roots
accordingto Sec.6. It is alsousedto detecttherefractionplanesaccordingto Sec.7. Finally,
reconstruction is done according to Sec.8.

B.7.1   Synopsis

rvhrec <int. calib> <root images> <rot. chess images>

B.7.2   Options

The options are listed in the order of the synopsis.

B.7.2.1   intrinsic calibration Þle

Thenameof thefile thatcontainstheintrinsiccalibration,generatedby rvhcali (App. B.5).

Example: calib_int.cal

B.7.2.2   names of the images of the roots

Thenamesof thepreprocessed(seeApp. B.4) imagesof theculturepot containingthe roots,
acquired according to Sec.3.5.3.

Example: *.tif

B.7.2.3   names of the images of the rotating (extrinsic) chessboard

Thenamesof thepreprocessed(seeApp. B.4) imagesof therotatedextrinsicchessboardpattern
acquiredaccordingto Sec.3.5.2.Theseimagenamesmust correspondto the namesof the
images of the roots. Hence, it is necessary to pass them in the identical order.

Thesenamesareonly usedto constructthenamesof thecalibrationfiles correspondingto
theimages.This is doneby replacingtheextension(everythingafterthelastÔ.Õ)of thenameof
thechessboardimagewith theextensionof thecalibrationfile. Thereforetheextensionsof the
passednamesdo not matter.So it is for exampleallowedto passthenamesof thecalibration
files themselvesinsteadof passingthecorrespondingimagenames.Thiscanbeusefulwhenthe
imagesof therotatedchessboardarenotavailablebecausetheyhavebeencompressedormoved
for saving disk space.

Example: *.tif

B.7.3   Example

cd project/roots_rec
rvhrec ../intrinsic/calib_int.cal ../roots1/*.tif ../extrinsic/*.tif

B.7.4   User Interface

The userinterfaceconsistsof threewindows,the first containsa slidersandthe two-dimen-
sionalview (controlimage),thesecondwindowcontainscontrolparameters,thethird window
containsa three-dimensionalview of theresultingreconstruction.Additionalactionsareavail-
able using shortcuts.

B.7.5   2D View Window

Dependingon theselectionof theuser,this window eithershowsthecontrol imageaccording
to Sec.8.4 or it shows the flat field according to Sec.6.1. See Fig. B.4 for an example.
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B.7.5.1   Sliders

¥ image: This slider represents the current image.

B.7.5.2   Shortcuts

¥ ÔsÕ:Togglethedisplayof thesegmentationon andoff. Thesegmentationis displayedas
red channel inside the control image.

¥ Ô,Õ: Go to previous image.

Figure B.4: 2D View of rvhrec  showing control image according to Sec.8.4.
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¥ Ô.Õ: Go to next image.

B.7.5.3   Mouse Interactions

¥ Selection of control points. Implementation according to Sec.7.3.1.

¥ Move control points using drag and drop. Implementation of Sec.7.3.1.

B.7.6   Parameter Window

Thiswindowcontainsagraphicaluserinterfacefor furthercontrolof rvhrec . SeeFig.B.5 for
an example.

B.7.6.1   Parameters for Segmentation

This section controls the segmentation according to Sec.6.

¥ ÔgraydilationÕ:Theoperatorsizeof thegray-level dilationusedfor ßatÞeldcomputation
accordingto Sec.6.1. This parametershouldbe setso that at leastthe Þnerootsdisap-
pearinsidethe ßat Þeldview. Disablesmoothingfor veriÞcationof the gray-level dial-
tion.

¥ ÔsmoothingÕ:Thehalf sizeof thegaussianoperatorusedto smooththegray-level dilated
image according to Sec.6.1. This results in a size of the gaussianoperator of

. Theresultof this processis thevirtual ßat
Þeld used to normalize the image and is shown by the ßat Þeld view (see App.B.7.6.2).

Figure B.5: Parameter window ofrvhrec

parametersfor segmentation,see
App. B.7.6.1

parameters for views, see
App. B.7.6.2

parametersfor refraction plane
detection, see App.B.7.6.3

parameters for reconstruction,
see App.B.7.6.4

menu, see App.B.7.6.5

2 smoothing× 1+( ) 2 smoothing× 1+( )´



B.7   RVHREC 99

¥ ÔthresholdÕ:After ßatÞeldcorrectionusingthevirtual ßatÞeldaccordingto Sec.6.1,the
imageis segmented,usingthe deÞnedthreshold,into foregroundandbackground.The
result is the segmentation and is shown as red channel inside the control image.

B.7.6.2   Parameters for Views

This section controls the views.

¥ Ô2DviewÕ:Eithernormalview, showing thecontrol imageaccordingto Sec.8.4,or ßat
Þeld view, showing the virtual ßat Þeld according to Sec.6.1.

¥ Ô3DviewÕ:Togglesthethree-dimensionalview of theresultingreconstructiononandoff.
This is usedto avoid thequiteexpensive calculationof theisosurfaceusedfor visualiza-
tion accordingto Sec.8.6.VisualveriÞcationof thereconstructionis anywaydoneusing
the projection of the reconstruction (Sec.8.4.2).

¥ ÔfogÕ:Togglesfog on andoff. Fog canhelp to understandcomplex objectsby making
depth more visible.

B.7.6.3   Parameters for Refraction Plane Detection

This section controls the detection of the refraction planes according to Sec.7.

¥ Ôpoint1Õto Ôpoint8Õ:This setof radio-buttonsis usedto selectoneof theeightcontrol
points for modeling refraction.

¥ ÔpointXÕto ÔpointZÕ:Thesethreeparametersallow manipulationof theselectedcontrol
point in millimeters,by typing in a valueor by usingthe arrows. They arealsousedto
view the coordinates of a control point.

¥ Ôrestore to saved defaultsÕ: Reads in the saved default control points (see below).
¥ ÔsavepointsasdefaultsÕ:Thispush-buttonsavesthecurrentcontrolpointsasdefaultcon-

trol points according to Sec.7.2.
¥ Ôderiv thresholdÕ:This is the of Sec.7.4.3.It shouldbesetlargeenoughso

thatnoiseoutsideof thepot (wherethelight planeis visible)doesnotproducehitsof the
edgedetectionalgorithm(shown by diamondsinside the control image).On the other
hand the value should be small enough so that the pot edges are detected.

¥ ÔreÞnerefraction control ptsÕ:Startsthe automaticdetectionof the refraction planes
accordingto Sec.7.4. Well-chosencontrol points default are necessaryin order to
accomplishfully-automaticdetection,refer to Sec.7.2 for more informationaboutset-
ting default controlpoints.ReÞnementcanberepeatedwhile watchingthecontrolpoint
projections and their consistency error, until the desired accuracy is reached.

B.7.6.4   Parameters for Reconstruction

This section controls the reconstruction according to Sec.8.

¥ ÔiterationsÕ:This parameterdeÞnesthe resolutionof the reconstruction.It deÞnesthe
numberof reÞnementiterationsto perform accordingto Sec.8.2. The resultingvoxel
representation is a cube of  voxels.

¥ ÔrefractionindexÕ:The refractionindex of the culture pot, accordingto Sec.8.3. It is
actually determined by trial and error according to Sec.8.7.

¥ ÔvoxelcubesizeÕ:Theside-lengthof the top-level octreecubein millimeters.This is the
region that is being reconstructed.

¥ Ôvoxelcubeorigin XÕ:The x-componentof the position of the top-level octreecube.
Makesurethattheresultingtop-level octreeis completelycontainedinsidetherefraction
planes. This is done by verifying the control images of different views.

der ivthresh
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¥ Ôvoxelcube origin YÕ: The y-component of the position of the top-level octree cube.

¥ Ôvoxelcube origin ZÕ: The z-component of the position of the top-level octree cube.

¥ Ôoutputgray octreecubesÕ:If selected,terminal gray octreecubesare output as fore-
ground according to Sec.8.5. Otherwise those gray cubes get output as background.

¥ Ôoutputin culture pot coordinatesÕ:Switchesthe surfacerepresentationoutput format
betweencoordinatesrelative to the culture pot and world coordinates(relative to the
rotatingchessboard).Culturepotcoordinatesareusefulif differentreconstructionsof the
same object have to be compared, see Sec.8.6.1 for more information.

B.7.6.5   Control Parameter Window Menu

Menu ÔFileÕ:

¥ Ôsave voxelsÕ:Opensa Þle requesterfor saving the reconstructionas voxel block
(Sec.8.5), in raster order, refer to App.B.13.7 for the Þle format.

¥ Ôsave isosurf (Inventor)Õ:Saves the isosurface representationof the reconstructionin
OpenInventorÕs .iv Þle format. It is recommendedto usea Þlenamethatendswith Ô.ivÕ.
TheseFilescanbeviewedusingOpenInventorÕs SceneViewer . TheÞlescanalsobe
joined and optimized(convertedto binary format) using ivcat (seethe man Þle for
details).The object is outputeither in world coordinatesor in culturepot coordinates,
dependingon theaccordingswitch(Ôoutputin culturepot coordinatesÕin App. B.7.6.4).
Culturepot coordinatesareusefulif differentreconstructionsof thesameobjecthave to
becompared,seeSec.8.6.1for moreinformation.In bothcases,theunit of thecoordi-
natesis millimeters.With both coordinates,it is possibleto reconstructregionsthat do
not Þt into thevoxel-cubeby reconstructingthemin partsusingseveraladjacentvoxel-
cubesandjoining theirsurfacerepresentationsusingivcat . The3D view doesnotneed
to be active because the isosurface is recomputed before saving.

¥ ÔquitÕ: Quits

B.7.7   3D View Window

This window visualizestheresultingreconstruction.For this, the isosurfaceat the level in the
mid betweenforegroundand backgroundis computed(accordingto Sec.8.6) and rendered
using OpenGL or OpenInventor, depending on compile options. See Fig. B.6 for an example.

B.7.7.1   Shortcuts

¥ ÔkÕ: Zooms out the three-dimensional view.

¥ ÔlÕ: Zooms in the three-dimensional view.

B.7.7.2   Mouse Interactions

¥ Rotate the scene using the left mouse button according to the trackball model.

¥ Many other functions if 3D view is using the OpenInventor library.

B.7.8   Guidelines

B.7.8.1   Typical Process

1. adapt control point defaults according to App.B.7.8.2 (necessary for each new setup)

2. detect refraction planes according to App.B.7.8.3 (necessary for each culture pot acqui-
sition)

3. adapt segmentation according to App.B.7.8.4 (usually necessary for each new setup)
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4. determine refraction index according to Sec.8.7 (usually necessary only once for all set-
ups)

5. reconstruct (see App.B.7.8.5)

B.7.8.2   Control Point Defaults

Controlpoint defaultsareusedto setthecontrolpointssothat theycanbelaterautomatically
refined(matchedto theedgesof theculturepot).Referto Sec.7.2for informationaboutchoos-
ing thecontrolpoint defaults.Defaultcontrolpointsaredefinedby movingthecurrentcontrol
pointsto thedesiredpositions(usuallyby draganddrop)andsavingthemusingtheaccording
button.

B.7.8.3   ReÞning Control Points (Detecting Refraction Planes)

Thecontrolpointsof therefractionplanesareusuallyautomaticallyrefinedfrom theirdefaults
usingthe refinementbutton.However,it is alsopossibleto adaptthe control pointsby hand
(using drag and drop).

Verification is usuallydonevisuallyby checkinginsidedifferentviewsif thecontrolpoints
(andtheintersectionlines)lie ontheedgesof thepotandalsonumericallyby checkingthecon-
sistencyerror,referto Sec.7.6for moreinformation.Only edgesthatarevisibleascontourare
verified, sincetheotherarenot well visible andthoseat thebacksideof thepot distorteddue
to refraction, so they are ignored.

It is recommendedto turnoff theview of thesegmentation(shortcutÔsÕ)whenverifying con-
trol points, since it affects the visibility.

B.7.8.4   Segmentation

Sincereconstructionis doneby ÔcarvingawayÕthevolume,it is importantthatthereis noimage
with false-negativesegmentation(rootssegmentedasbackground).It is muchmoretolerableif
theimageshavefalse-positivesegmentations(backgroundsegmentedasforeground,for exam-
ple dueto stains).In this casethereconstructionprocessmaynot ÔcarvedawayÕenoughusing
that image.However,sincewe havemanyviews,it is probablethatanotherimagewill Ôcarve
awayÕ the superfluous region.

Figure B.6: 3D View of rvhrec  (OpenInventor version)
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To avoidfalse-negativesegmentations,it maybenecessaryto disablesingleimagesfrom the
reconstruction process.

Segmentation is usually done as follows:

1. Set iteration count to 1.

2. Becausethere-projectionof thereconstructioncaninterferewith thesegmentationview,
it may be necessary to choose a small voxel-cube range or to move it out of sight.

3. Select ßat Þeld view.

4. Set smoothing to minimum.

5. Adapt gray level dilation until at least the Þne roots disappear.

6. Select normal view.

7. Adapt threshold and smoothing in order to get the best segmentation. Usually only little
smoothing is needed. Also try to change the gray level dilation and watch the results.

B.7.8.5   Reconstruction

Reconstructionis done automatically every time a reconstruction-relevantparameteris
changed.Therefore,duringadjustments,theiterationcountfor thereconstructionis minimized,
in order to compute only coarse reconstructions needing little time to compute.

Referto App. B.7.6.4for thereconstructionparameters.Usuallytheprocedureis asfollows:

1. Set iteration count to 1.

2. Set the size of the voxel-cube as desired.

3. Move the voxel-cube (origin) to the desired position. This is done by moving it to the
desired position in one image and then switching to a view that is approximately orthog-
onal and moving it so that it projects there to the desired position too. Several iterations
may be needed until the voxel-cube is located at the desired position.

4. Verify results by inspecting the projection of the reconstruction and the consistency
error, while increasingtheiterationcount.For high iterationcount,it is recommendedto
turn off the 3D view for faster computation. The 3D view is in that case only activated
when necessary.

B.7.9   Trouble Shooting

B.7.9.1   No Control Information

Problem: The control images contain no control points, intersection lines and so on.

Probablythe intrinsic calibrationis not correct.Checkit with rvhcali or by inspectingthe
file with a text editor.

B.7.9.2   Missing Reconstruction Parts

This has usually two main causes:

¥ wrong refraction index -> solution: Adapt refraction index.

¥ wrong refraction planes -> solution: Adapt refraction plane control points.

¥ there is a valid (used) image whose segmentation has false-negative parts (see
App. B.7.8.4)-> solution: Improve the segmentationor disablethe imageby disabling
the corresponding extrinsic calibration usingrvhcale .
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B.7.9.3   Horizontal ÔDisc-EffectÕ

For examplehorizontalbranchesof the rootsget reconstructedaslittle discsinsteadof linear
structures. For explanation and solution refer to Sec.3.3.3.3 and App.B.7.9.4.

B.7.9.4   Too Large Reconstruction and Ghosts

BecausethereconstructionÔcarvesawayÕonly thosepartsthatareoutsidethesilhouettes,the
resultingreconstructionis usuallytoo largeandmaycontainadditionalobjects(ghosts),since
wedonothaveviewsfromall possibledirections.However,usuallyahighenoughaspectsteep-
ness(Sec.3.3.3.3,seealsoApp. B.7.9.3)togetherwith a high enoughcountof aspectangles
(seeSec.3.6.1)produceacceptablereconstructions.Isolatedghostscouldberemovedusingthe
Connected Component method.

B.7.9.5   Part of Control Parameters not Visible

This happens if the window is too small to contain all parameters. Enlarge the window.

B.7.9.6   Program does not react

This usually happens because the 3D view is rotating (animating).

B.8   parßop

This programcontrolsthesteppermotorovertheparallelPC-port.This job is usuallydoneby
rvhcap , butfor testing(for examplefor verificationif nostepsareÔlostÕ,seeSec.3.3.2)it may
be necessary to control the motor manually using this program.

B.8.1   Synopsis

parflop <step number> <direction>

B.8.2   Options

The options are listed in the order of the synopsis.

B.8.2.1   step number

The number of motor steps to perform.

B.8.2.2   direction

Setto nonzerofor anti-clockwiserotationwhenseenfrom top.Actually rvhcap turnsalways
ant-clockwise.

B.8.3   Example

Depending on the permissions, you may need to get or setroot privileges first.

parflop 10 1

B.9   calpattern

This programis usedto generatethecalibrationpatterns.It writes the resultingimageasraw
bytesto a file. It alsoprintsout thedimensionsof the image.Both is usedto convertthe raw
image to a postscript file usingconvert .
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B.9.1   Synopsis

calpattern <x-count> <y-count> <x-size in pixel> <y-size in pixel> <filename>

B.9.2   Options

The options are listed in the order of the synopsis.

B.9.2.1   x-count

The number of pattern squares in x-direction.

B.9.2.2   y-count

The number of pattern squares in y-direction.

B.9.2.3   x-size in pixel

The size of a square in x-direction, in pixels.

B.9.2.4   y-size in pixel

The size of a square in y-direction, in pixels.

B.9.2.5   Þlename

The name of the file that the image should be written to.

B.9.3   Example

calpattern 10 10 40 40 pattern.bin
> image dimensions: x=400, y=400
convert -depth 8 -size 400x400 gray:pattern.bin pattern.ps

B.10   Used Libraries / Code

¥ OpenCV-0.9.5: For calibration, corner detection,2D view, Eigenvector / Eigenvalue
computation, computation of rotation matrices from rotation vectors, etc.

¥ OpenGL: For 3D view
¥ OpenInventor: For 3D view
¥ Xt, Motif: For parameterwindow. Motif is also usedby OpenCVÕs X-Windows GUI

library.
¥ Marching Cubes code: http://astronomy.swin.edu.au/~pbourke/modelling/polygonise/
¥ parapin: Used byparflop  to access the PC-parallel port.

B.11   Used Programs

¥ photopc: Used to control the camera.Special version supporting USB and Nikon
Coolpix 990 from: http://www.math.ualberta.ca/imaging

¥ convert: Belongs to ImageMagick package, used to convert images.
¥ gzip, bzip: For compression of the images
¥ mmv: For renaming several Þles at once.
¥ ivcat: OpenInventor, joins models, example: ivcat -b -o rec_ab.iv rec_a.iv rec_b.iv
¥ Sceneviewer: Belongs to OpenInventor, used for viewing reconstructions.
¥ beep: Used to beep when acquisition is Þnished.
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B.12   Related Programs

¥ MATLAB CalibrationToolboxby Jean-YvesBouguet:usedfor checking,furtheranaly-
sis and manipulations. From: http://www.vision.caltech.edu/bouguetj/calib_doc/

B.13   File Formats

B.13.1   Capture File

This is anexampleof thecapturefile containingtherotationanglesto becapturedat.Seealso
Sec.3.6.
# capture file for rvhcal
#
# captures must be sorted in ascending angles while not crossing the 360 border
# capture 36 views, 4 orthogonal and left and right from it at:
#  2 steps, 4 steps, 6 steps and 8 steps
#
# 2003-08-20

0
2
4
6
8
42
44
46
48
50
52
54
56
58
92
94
96
98
100
102
104
106
108
142
144
146
148
150
152
154
156
158
192
194
196
198

# stability control image (identical to first image)
200

B.13.2   Acquisition File

Theacquisitionprocess(rvhcap , App. B.3) generatessucha file for eachacquiredimage.It
containstheintegerrotationangle(in ASCII) thattheimagewascapturedat.Referto Sec.3.6.

B.13.2.1   Example
12

B.13.3   Intrinsic Calibration

The file containing the intrinsic calibration generated byrvhcali  (App.B.5).
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B.13.3.1   Organization
¥ focal length in x-direction according to EquationA.8 on page79
¥ focal length in y-direction according to EquationA.8 on page79
¥ principal point: x-component according to EquationA.8 on page79
¥ principal point: y-component according to EquationA.8 on page79
¥ Þve distortion coefÞcients according to EquationA.9 and EquationA.10 on page80
¥ the average re-projection error over all images according to Sec.4.4.2, in pixels

B.13.3.2   Example
1976.631553122704
1983.080017735895

361.372518613072
281.852792423268

0.736537560635
0.560693778839
0.015015669539
0.021334141769
0.000000000000

0.221768191248

B.13.4   Intrinsic Calibration Data

This file is generatedby rvhcali (App. B.5) for eachusedimageof thechessboard.It con-
tains the translationand rotation of the chessboardpatternrelative to the cameraand the
detectedchessboardcorners.Therotationandtranslationcanbeseenastheextrinsiccalibration
of the image used for intrinsic calibration and applied accordingly (EquationA.6 on page79).

B.13.4.1   Organization
¥ translation in x-direction, in millimeters
¥ translation in y-direction, in millimeters
¥ translation in z-direction, in millimeters
¥ x-component of rotation vector
¥ y-component of rotation vector
¥ z-component of rotation vector
¥ re-projection error of the given image, in pixels, according to Sec.4.4.1
¥ zero if image disabled, otherwise image is enabled
¥ theaveragere-projectionerrorover all usedimages,accordingto Sec.4.4.2.This value

is identical to the one written to intrinsic calibration Þle (App.B.13.3).
¥ for each detected chessboard corner: the x-component and the y-component

B.13.4.2   Example
36.812046231122
-36.222547657840
340.455508226752

0.051399988441
-2.161017262869
-0.260922192253

0.132860507713
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1

0.221768191248

579.976135253906

67.621742248535

554.220214843750

66.183189392090

529.405761718750

64.756027221680

...

B.13.5   Extrinsic Calibration

This file contains the extrinsic calibration of the given image computedby rvhcale
(App. B.6).Notethatthefile formatis compatibleto thefile formatfor intrinsiccalibrationdata
(App. B.13.4).

B.13.5.1   Organization
¥ translation in x-direction, in millimeters
¥ translation in y-direction, in millimeters
¥ translation in z-direction, in millimeters
¥ x-component of rotation vector
¥ y-component of rotation vector
¥ z-component of rotation vector
¥ re-projection error of the given image, in pixels, according to Sec.4.4.1
¥ zero if image disabled, otherwise image is enabled

B.13.5.2   Example
-68.802421532494
-22.916729509857
468.105982378761

1.216281804908
1.648704694597
0.848183237158

0.118601813982

1

B.13.6   Control Point Defaults

This file is actuallynamedrvh_default_pts andcontainsthedefaultcontrolpointsof the
refraction planes. It is read and written byrvhrec  (App.B.7). See also App.B.7.8.2.

B.13.6.1   Organization
¥ for each of the eight control points: the x, y and z-component

B.13.6.2   Example
41.270378878482
50.324974313074
27.851473456742

41.218399720973
50.694817709745



108 B.   IMPLEMENTATION AND MANUAL

100.540745042285

45.002082614135
-14.881120961102
29.480688569116
...

B.13.7   Voxel Block

The file containing the voxel representationof the reconstructiongeneratedby rvhrec
(App. B.7) accordingto Sec.8.5.Eachvoxel is representedby abyte,zerofor backgroundand
255for foreground(object).Thevoxelsarewritten in rasterorder.Thismeansthatwhengoing
linearlythroughthedata,thex-componentsis thefastestchangingcomponentwhile thez-com-
ponents is the slowest changing component.

Thisdataformatwasteslot of memorybut it is ageneralrepresentationcompatibleto many
applications.Thereforeit is stronglyrecommendedto compressthesefiles usingloss-lesscom-
pression techniques like bzip or gzip if not used.
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