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Abstract

Digital still camerashavebeenwidely adoptedfor closerangephoto-
grammetryand machinevision applications. Due to the advantagesof
onboardstorageof digital images,portability and rapid data processing,
digital still camerasare rapidly becomingstandardequipmentfor measure-
menttaskssuchas industrial metrologyandheritagerecording.As for any
metric application, the accuracyof the derivedobject data is dependent,
amongstmanyotherfactors,on theaccuracyof thecameracalibration.For
thevastmajority of photogrammetricapplications,useof thesimplecaseof
a block invariant calibration model comprising the primary physical
parameters,including the principal point position, is sufficient.However,
camerasdesignedfor photojournalismanddomesticuse,suchastheKodak
DCS420and 460 cameras,are well knownfor their calibration instability
becausethe designis basedon a 35mm SLRcamerabody. In particular,
previousresearchhas shownthat the principal point location is prone to
movementduring normal handling of the camera,due to the mounting
mechanismof theCCD array. Thispaperreportson an investigationof the
physicalbehaviourof the principal point location and comparesdifferent
calibration parametermodelsfor the KodakDCS420and DCS460digital
still cameras.
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INTRODUCTION

DIGITAL STILL CAMERAS have gained wide acceptancefor high precision optical
three dimensionalmeasurement,particularly in the applicationareasof industrial
inspectionandlargescalemetrologyin manufacturingandengineering(Beyer,1995).
Digital still camerasarenow a fundamentalcomponentof vision metrologysystems
(Fraser,1997), usedeither as a single roving camera(offline mode)or in multiple
camera configurationsas part of a work cell arrangement(online mode). The
acceptanceof thesecamerasis basedprincipally on the efficiency with which they
canbeusedandtheaccuracylevelswhich canbeachieved.Thecornerstoneof their
efficiencyis the useof digital images,which canbe rapidly acquiredandprocessed.
In particular,advancesin the automationof vision metrologysystems(Fraser,1997)
would not be feasible without the use of cameraswhich capturedigital still or
video-rateimages.

A digital still imagecamerawhich hasprovedto beextremelypopularfor metric
applicationsis theKodakDCSseries(SusstrunkandHolm, 1995;Peipe,1995).This
cameraseriesis designedessentiallyfor photojournalism,but has many desirable
featuresfor a digital imagephotogrammetriccamera.Thehigh resolutionof theCCD
sensor,combinedwith high imagestoragecapacityandreadyavailability, hasmade
the DCS the commonchoicefor vision metrologyapplicationswheresystemporta-
bility is important.Althoughthereareotherdigital still cameraswith similar features
(ShortisandBeyer,1996;MaasandNeideröst, 1997;Peipe,1997),theDCSseriesis
certainly the most widely used camerafor industrial inspection and large scale
metrology.The DCS serieshasalsofoundacceptancefor otherapplications,suchas
architecturalrecording(StreileinandGaschen,1994),surfacereconstruction(Petran
et al., 1996)and low altitudemapping(Mills et al., 1996).

The accuracyof vision metrology systemsbasedon digital still camerasis
dependenton the imageresolution,imagescale,imagemeasurementprecisionanda
numberof other factors, such as network design(Fraserand Shortis, 1995). The
principal influenceon accuracyfor the DCS seriesis the resolutionof the CCD
sensor.Utilizing a 153631024elementCCD array,theDCS420andits predecessors
arewidely usedfor measurementtaskswhich requirerelativeprecisionsin the range
1;50 000 to 1;80 000 (FraserandShortis,1995).(Relativeprecisionis the ratio of
the meantargetco-ordinateprecision,asderivedfrom the photogrammetricnetwork
solution,to the largestspanof the targetarray.)Relativeprecisionswell in excessof
1;100000 (Peipe,1995) can be achievedwith the DCS460,which has an image
resolutionof 309632048pixels. Theselevelsof precisionpresupposehigh contrast
targetedpointsin the objectspaceandimagemeasurementusingcentroids,template
matchingor ellipsefitting (Luhmann,1996).The level of precisioncanbe improved
by usingmultiple exposuresat eachcamerastationin a network(FraserandShortis,
1995),which can be readily carriedout using the high imagecapacityof the DCS
series.

Like anycamerausedfor metricapplications,calibrationis necessaryfor digital
still camerasbecausesystematicerrorsin thecollinearityconditionmustbemodelled
or eliminated.Both the offline and online modesof operationtypically adopt self
calibration at a single focus setting, with the cameralens locked in position to
minimize variation in principal distanceand other focus dependentparametersof
interior orientation. In general, a block invariant additional parametermodel is
employed,which assumesthat there is no changein the interior orientationof the
digital still camerabetweenexposures.As a consequence,reported image space
precisionsare typically of the orderof 1/50 to 1/30 of a pixel, or 0·2mm to 0·3mm.

Rigorous independentchecksof object spaceaccuracy,where available,can
showdegradationsof the orderof 100 per centwhencomparedto internalmeasures
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of precision(Shortiset al., 1995;FraserandShortis,1995).In otherwords,relative
accuracyis typically poorerthanrelativeprecision.(Relativeaccuracyis the ratio of
the targetco-ordinater.m.s.error to the largestspanof the targetarray,wherethe
r.m.s.error is computedfrom co-ordinatedifferenceswith respectto the independent
determinationof targetco-ordinatesafter a threedimensionalsimilarity transform-
ationbetweenthe two co-ordinatesets.)Therearemanypotentialsourcesof system-
atic errorwhich maycontributeto thedisparitybetweenrelativeaccuracyandrelative
precision.The primary potentialsourceswhich havebeenidentified are calibration
stability (ShortisandBeyer,1997),variationof distortion(FraserandShortis,1992;
Shortiset al., 1996),unflatnessof the CCD array (Fraseret al., 1995),perspective
distortionof targets(Dold, 1996)andopticalaberrations(RobsonandShortis,1998),
to namejust a few. This paperinvestigatesthe specificissuesof calibrationstability
andbehaviourof the principal point location for Kodak DCS seriescameras.

CALIBRATION STABILITY

Therearea numberof factorswhich affect thecalibrationstability of theKodak
DCScameraseries.Camerasbasedon the35mm SLR bodyarewell knownfor their
lack of robustness(Fryer, 1985). The lack of robustnessof this cameratype is a
combinationof body instability andfilm unflatnessvariability, of which the former
will certainlyhavean effect on the Kodak DCS type.A further complicationis that
the camerabody to digital back mounting is not rigid, as the camerabody is only
partially constrained(Fig. 1). Previousresearchhasshownthat stabilizationof the
camerabody with respectto the digital back is effective in increasingstability
(Shortisand Beyer,1997), indicating that the non-rigid mountingis a factor in the
calibrationstability.

An additionalfactor is that the CCD sensoris springmountedto minimize the
effectsof shockfrom mishandlingof the camera.The flexibility of the CCD array
mountinghasdirectconsequencesfor thefidelity of thecollinearitysolution,because
the CCD arraydefinesthe focal planeandthis is generallyassumedto be fixed with

FIG. 1. Camerabody to digital backconnexionandCCD arraymountingof theKodakDCS420.
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respectto the perspectivecentreof the objectivelens.Disassemblyof a DCS shows
clearly that the CCD arraycanrotatein the vertical direction (cameraheld upright)
with respectto theelectricalconnexionswhich arefixed to thecameraback(Fig. 1).
A lesseramountof movementis possiblein the horizontaldirection.Both of these
possiblemovementsarenominally within the focal planeof the camera.Movement
in the directionperpendicularto the focal plane,parallel to the optical axis, is only
possiblewhilst the camerais disassembled,asmarkingson the CCD arraysurround
indicate that the array is pressedagainst the digital back when the camera is
assembledfor operation.

If thecamerais rotatedabouta horizontalopticalaxis, theeffectof gravity will
resultin rotationalandlateralresponsesfrom theCCD array,unlessit is pressedvery
firmly againstthe cameraback. Inspectionof a relatively small sampleof cameras
indicatesthat in generalthe pressureis light, as the markingson the CCD array
surroundare often ill-defined or smeared.The amount of potential movementis
governedby thepressureimposedon theCCD arrayby thecamerabody.It couldbe
expectedthat variationsin pressure,due to variationsin the quality of manufacture
andassembly,arelikely to leadto significantvariationsin CCD arraymovement.If
severalcamerasare investigatedover a sufficiently long periodof time, the magni-
tudeof any movementscould be expectedto be different for both different cameras
andat differentepochsfor thesamecameras.Hence,if thefocal planeis moving,the
location of the principal point (PP) will appearto move with respectto a constant
frameof referenceon the CCD array.

There is substantialevidencefor variability in PP position and perhapsother
parametersfor the DCS during offline use (Gruenet al., 1995), particularly when
offline use is contrastedwith online use(Shortisand Beyer, 1997). The variations
detectedfor offline usearecausedby thehandlingof thecameraduringoperationand
theorthogonalroll strategiesusedto minimizeparametercorrelationsin self calibrat-
ing networks(Keneficket al., 1972).In contrast,onlineusedoesnot involve handling
of the cameranor roll strategies,becausethe camerais fixed on a tripod or other
support.Thereis someevidencethat,givena consistentfocus,lensdistortionis stable
in the mediumto long term (ShortisandBeyer,1997), indicating that the variation
in thefocalplanelocationwith respectto thelensis theprincipalsourceof calibration
instability.

A thoroughanalysisof thestability of thecamerarequiresall aspectsof camera
calibrationto be considered.The analysisin this investigationconcernsonly the PP
variability in order to characterizebehaviour and derive appropriateparameter
models.The assumptionis that the main influenceon PPmovementis cameraroll,
dueto the mechanismby which the CCD arrayis mountedin the camera.Although
otherinfluencesmaybepresent,suchascamerabodyflex, theseeffectsareassumed
to be of a lesserimportanceand are unlikely to have the sameconsistencyas the
effect of roll.

In orderto testthepremiseof poorphysicalrobustnessof theDCScamera,one
option is stabilizationof theCCD arrayandthecamerabody,aspreviouslytestedin
the contextof offline versusonline stability (ShortisandBeyer,1997).The effect of
stabilizationshouldbe evidentin a reductionin PPmovement,or at leasta change
in the characteristicbehaviourof the PP movement.

CALIBRATION MODELLING

Calibration modelsused in conjunctionwith the principle of collinearity are
typically basedon a mixtureof primaryphysicaltermsandadditionalempiricalterms
which model the systematicerrorsin the perspectiveprojection.Despitethe mix of
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TABLE I. Blockinvariantadditionalparametermodelbasedonphysicalterms.

Parametername Parametersand/ormodel

Positionof theprincipalpoint xp, yp

Principaldistance pd
Radiallensdistortion Dr 5 k1r3 1 k2r5 1 k3r7 1 …
Decentringlensdistortion Dx5 p1(r2 1 2x2) 1 p2 (2xy)

Dy5 p1(2xy) 1 p2 (r2 1 2y2)
Orthogonalityandaffinity Dx5 a1x1 a2y

x, y5 imageco-ordinateswith respectto theprincipalpoint; and
r 5 radialdistancewith respectto theprincipalpoint.

physical and additional terms, the calibration model is commonly known as an
additional parametermodel. The most widely used block invariant additional
parametermodelbasedon physicalterms(Fryer, 1996) is shownin Table I.

Theadditionalparametermodelis adoptedasblock invariantwhenit appliesto
every imagein a network.The implication of this adoptionis that the camerahasa
stablecalibrationand is usedat a constantfocus. Multiple cameras(Fraseret al.,
1995)or a single camerawith multiple focussettings(Shortiset al., 1996)may be
used,but eachinstancehasan associatedblock invariant parameterset. In order to
provide a comparisonwith a “standard” model, the block invariant additional
parametermodel is used in this investigationas a baseline againstwhich other
modelsare tested.

The alternativeto a block invariant parameterset is a partial or fully photo-
invariant parameterset. A fully photo-invariantparameterset implies that every
exposurein a network has a separateset of calibration parameters.This is an
implausiblescenariobecausea totally unstablecamerais unlikely to be usedfor
preciseapplicationsand,as is discussedlater, sucha network would be inherently
weak. A much more applicablescenariois a partial photo-invariantparameterset
wheresomeparametersare constantfor the full network, whilst othersare photo-
invariantandapply to individual exposures(Fraser,1987).

Under the assumptionsthat the CCD array is adequatelypressedagainstthe
digital back, that body flex and instabilities in the lens mounting systemhave an
insignificanteffect, and that the lens focus is unalteredwithin a singlenetwork,the
principal distancecan be adoptedas a block invariant parameterapplied to all
photographs.Unduebodyflex or arraymovementwould resultin a defocusingof the
image, which from experienceand anecdotalevidenceis not apparentfor these
cameras.As previouslynoted,evidencefrom otherresearchon mediumtermcalibra-
tion stability (ShortisandBeyer,1997) indicatesthat lensdistortions,given that the
lens focus is unchanged,are stableand can also be incorporatedas block invariant
parameters.The orthogonalityand affinity termsare generallyinsignificant for the
DCScamera(ShortisandBeyer,1997)andotherresearchhasindicatedthat theyare
a function of the lensopticsratherthanthe CCD sensor(Fraseret al., 1995).Again,
assuminga constantfocusfor thelens,thesetermscanbeadoptedasblock invariant.

If the justification for the block invarianceof the otherparametersis accepted,
thenonly thePPparametersareadoptedasphoto-invariant.This is in accordwith the
propositionthat the CCD is moving with respectto the lensoptical axis becauseof
handlingduringoperationandtheroll strategyemployedduringtheimageacquisition
for a network. Although out of plane rotation cannot be ruled out entirely, it is
assumedherethat themajorcomponentof movementis within theplaneof theCCD
arrayand thereforewithin the focal plane.

In eachof the threefollowing casesof variablePPcalibrationmodels,theother
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FIG. 2. Expectedmotionof theCCD arrayandinterpretedPPmovement.

physicalparametersalreadydescribedareconsideredto beblock invariant,whilst the
PP calibrationparametersvary for eachandeveryexposure.

The most comprehensivemodel for CCD array movement is independent
photo-invariantPP parameters,where every image has an associatedpair of PP
location parameters.This is a logical consequenceof the typical geometryof self
calibratingnetworks,which havedifferent roll anglesfor every photograph.There-
fore it could be expectedthat there would be a different PP location for every
photograph.However,someweakeningof the networkis inevitable,becausethe PP
parametersfor eachphotographaredeterminedfrom the imageobservationson that
photographonly andtherewill be a reductionin the overall numberof redundancies
in thenetworkdueto the increasein thenumberof unknownparameters.In orderto
reducethe numberof calibrationparameters,andthereforereducethe weakeningof
the self calibrating networks,other calibration models for the PP location can be
considered.Theresponseof thePPlocationto roll anglemaybephysicallymodelled
by a pseudo-circularmotionfunction(Fig. 2). It couldbeexpectedthatthemagnitude
of the movementwill be greaterin the y axis direction for the CCD array,because
the rotational motion is greaterthan the possiblemovementagainstthe electrical
connector.Therefore,in an ideal case,an elliptical patternof movementmight be
expectedin responseto a continuousrolling action. This leadsto a PP parameter
model which hasconstantcomponentsrelatedto the expectedmagnitudeof move-
mentanda variablecomponentwhich is dependenton cameraroll, as follows:

xp 5 x0 2 rx sin(roll)

yp 5 y0 2 ry cos(roll),

wherer is a “radius” of motion for eachcomponentandit is assumedthat the effect
on the y componentwill be maximizedin the upright andupsidedown orientations
andminimized in the left andright roll orientations,with the oppositeeffect on the
x component

An additionalcomplicationfor the elliptical motion model is that it could be
expectedthat the tilt of the camerawould influencethe degreeof PPmovement.In
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TABLE II. Principalpointparametersgrouped
with sectorsof orthogonalroll angles.

Group Roll anglerange

1 2 45° # roll , 45°
2 45° # roll , 135°
3 135° # roll , 2 135°
4 2 135° # roll , 2 45°

theextremecaseof a verticalphotographwith theCCD arrayin thehorizontalplane,
little or no movementcould be expectedregardlessof the roll angleemployed.This
leadsto a slightly morecomplexpair of equationsfor the modelas follows:

xp 5 x0 2 rx sin(roll) cos(tilt)

yp 5 y0 2 ry cos(roll) cos(tilt),

which assumethat the maximumeffect is encounteredwhen the optical axis of the
camerais horizontal,theplaneof theCCD arrayis verticalandthecorrespondingtilt
is zero. Theseequationsare somewhatempirical, but they do reflect the expected
physicalmovementof the CCD array.

The third modelproposedis purely empirical,basedon the typical roll strategy
usedin self calibratingnetworks.The orthogonalroll anglesusedin self calibrating
networkstend to be orientedon the cardinaldirectionsof 0°, 90°, 180° and 2 90°,
as they correspondto upright, left roll, upside down and right roll respectively.
Therefore,a grouping of PP parameterswith sectorsof orthogonalroll anglesis
feasible,asshownin Table II.

Clearly this is not a universalsolution,becausetwo photographswith closeto
45° of roll angle,which would beexpectedto havesimilar PPlocations,mayfall into
differentgroupsandthereforewouldnotsharethesamePPparameters.However,this
partial block invariantadditionalparametermodeldoeshaveapplicationto networks
with a rigorouscardinaldirection roll strategy.

Neither the elliptical motion nor roll grouping modelswill be efficient if the
CCD array doesnot show a reasonabledegreeof hysteresis.In other words, it is
assumedthat the roll effect is very systematicand the CCD arraywill return to the
samephysicalpositiongiven the sameapproximateroll angle.

EXPERIMENTAL WORK

Themajorityof thecameracalibrationdatausedfor theanalysisof PPbehaviour
is drawnfrom a programmeof experimentsinvestigatingcalibrationstability (Shortis
andBeyer,1997)andvariationof distortionwith focusandwithin the depthof field
(Shortiset al., 1996).In addition,somedatasetswereopportunisticallyused,based
on one off calibrationsof cameras.Thesedatawere gatheredat Imetric SA during
1996,wherethreeDCS460andthreeDCS420cameraswerecalibratedwith various
roll schemes.Additional data were subsequentlygatheredat the University of
Melbourne,wherea fourth DCS420cameraand two Leica/GSIINCA 4.2 cameras
were calibrated.This later test at the University of Melbourne incorporatedan
accuracyevaluation,which wasnot conductedat Imetric. The 18 different casesare
shownin Table III.

The processingof all 18 casesemployedself calibration,free networksand a
targetedtestrangeapproach.Eitherad hoc targetfield arrangementsor purposebuilt
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TABLE III. Detailsof the18 calibrationdatasetsusedin theexperimentaltesting.

Lens Number Number
Case Camera Targetarray type (mm) of images of targets Roll scheme

1 DCS460-1 Crossandrods 20 12 100 Random
2 DCS460-2 Crossandrods 20 32 100 Random
3 DCS460-2 Calibrationfield 18 20 140 Dual-roll
4 DCS460-2 Calibrationfield 24 24 140 Dual-roll
5 DCS460-2 Calibrationfield 24 32 140 Quad-roll
6 DCS460-2 Calibrationfield 20 32 140 Quad-rollshaken
7 DCS460-2 Calibrationfield 24 32 140 Quad-rollconsistent
8 DCS460-2 Calibrationfield 18 32 140 Quad-rollconsistent
9 DCS460-3 Calibrationfield 20 24 140 Tri-roll consistent

10 DCS420-1 Calibrationfield 18 32 90 Quad-roll
11 DCS420-1 Calibrationfield 14 32 90 Quad-roll
12 DCS420-1 Calibrationfield 14 32 90 Quad-rollconsistent
13 DCS420-2 Calibrationfield 14 32 90 Quad-roll
14 DCS420-2 Calibrationfield 14 46 90 Quad-rollconsistent
15 DCS420-3 Crossandrods 18 24 60 Random
16 DCS420-M Calibrationfield 20 32 190 Quad-roll
17 INCA 4.2-1 Calibrationfield 17 32 190 Quad-roll
18 INCA 4.2-2 Calibrationfield 17 32 190 Quad-roll

testarrayswereused.The ad hoc targetarraysusedat Imetric were typically made
up from a carbonfibre orientationcrossanda numberof carbonfibre rods laid out
on the floor with a total of either60 or 100 targets(Fig. 3).

Calibrationsusingthead hoc targetfield typically useda centralcamerastation
vertically abovethe centreof the array at which four photographswith orthogonal
rolls were exposed,plus a numberof camerastationsaroundthe peripheryof the
targetarraywith convergentphotographytoward the centreof the targetarray.The
photographsat the peripheralcamerastationsweretypically exposedwith a random
roll strategy,which incorporateda mixtureof cardinalroll directionsanda varietyof
otherorientationschosento fill the frameof the camera.

Thepurposebuilt arrayat Imetric comprises80 targetson a planarwall with the
additionof approximately65 targetson carbonfibre rodsplacedin the foreground.
The purposebuilt array at the University of Melbourneis similar, comprising135

FIG. 3. Typical ad hoc targetarrayusedfor calibrations.
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FIG. 4. Purposebuilt calibrationfield at Imetric SA. Thegraphicoverlayindicatesactivetargetimagesand
imageco-ordinateresidualsfrom thenetworksolution.

targetson a planarwall and 55 targetsin the foregroundon a numberof different
fixtures.A typical layoutof thetargetarraysis shownin Fig. 4, with a pseudo-regular
grid of points on the wall and various fixtures in the foregroundto provide an
adequatethird dimension.Although the planararrayplus movablefixtures is a less
thanan ideal case,it is convenientas the requirementfor permanentphysicalspace
in a laboratoryis minimized.

Calibrationsusing the purposebuilt testarrayemployeda networkof between
six andninecamerastationswith convergentphotography.Dual (0° and90° rolls) or
quadruple(0°, 90°, 180° and 2 90°) roll strategieswere used at each station to
simulatethe typical practicein industrial metrology for minimization of parameter
correlations.Typical practicealsodecrees,for thesakeof efficiency,thateachcamera
stationis visited only onceand two or four exposuresare taken.Betweeneachroll
the camerais movedslightly to randomizethe locationandthereforerandomizeany
systematicdependencieson stationposition (FraserandShortis,1995).

In a numberof cases,the camerastationswithin a single calibrationnetwork
werevisited threeor four timeswith thecameraheld in a consistentorientation.This
is in deliberatecontrastto thenormaloperatingmodeof visiting eachcamerastation
only onceandrolling thecamerato eachorientationat thecamerastation.The intent
was to ascertainwhether the CCD array would maintain a stable position if the
camerawasheld in a constantattitudeto the directionof gravity. Sucha consistent
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FIG. 5. ThestabilizedKodakDCS420camera.

roll strategywould bevery inefficient, if not impractical,in real industrialmetrology
applications.

A DCS420camerawas modified by clamping the camerabody to the digital
backandfixing onecornerof theCCD array(Fig. 5). This modificationwasintended
to stabilize the cameraand, particularly, the CCD array, in order to minimize the
movementof the PP location (Shortis and Beyer, 1997). The solution was not
intendedto be absolutelycomprehensive,as the CCD array must be given some
freedomof movementto avoid shockdamagein the caseof a suddenimpacton the
camera.Furthermore,like the consistentroll strategy,this wasnot intendedto be a
practicalsolution for routine useof the DCS seriesof cameras,but insteadwas an
attemptto verify the physicalsourceof the camerainstability.

In every caseexcept the University of Melbourne DCS420 and INCA 4.2
cameras,the targetimagesweremeasuredby leastsquarestemplatematchingusing
the commercialImetric softwaresuite. In the caseof the University of Melbourne
cameras,the targetimagesweremeasuredby intensityweightedcentroids(Trinder,
1989)using the VMS softwaresuite,a digital imageprocessingpackagedeveloped
jointly by two of the authorsas a researchtool. Again with the exceptionof the
University of Melbournedata,the processingof the photographswas largely auto-
mated,using a combinationof codedtargetsand imagesearchingusing multipho-
tographepipolarmatching.The efficiency and rapidity with which the closerange
networks could be measuredand processedusing this software allowed multiple
calibrationsto be carriedout quickly, as well as enablingthe useof ad hoc target
arraysandforegroundfixtures.The VMS softwaresuite is not yet so advancedand
a minor proportion of manual processingwas necessaryfor the University of
Melbournedata.
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PHOTO-INVARIANT VERSUSBLOCK INVARIANT

The independentphoto-invariantPP additionalparametermodel allows the PP
co-ordinatesto be adjustedfor individual exposures.This model shouldrealizethe
maximumlevel of improvementin internalconsistencyof the networksif the CCD
arrayis movingwith respectto theopticalaxisof thelens.Theresultsof thenetwork
solutionsfor the block invariant and photo-invariantparametermodelsfor the 18
casesareshownin TableIV. R.m.s.imageresiduals,maximumimageresidualsand
estimatesof unit weight are shownas the measuresof internal consistencyfor the
networks.

Estimatesof unit weight are shown only for the first 15 casesin Table IV
becausethesewere computedusing the Imetric software.In thesecases,the target
image locationswere measuredusing templatematching,which has the collateral
benefitof providing an a priori estimateof the imagemeasurementprecision.It is

TABLE IV. Resultsfor the18 calibrationdatasetsusedin theexperimentaltesting.

Case Additional R.m.s. Maximum Estimated Mean99%limit Meanspanof
and parameter image image Estimateof relative of PP values PP locations

camera model error (mm) error (mm) unit weight precision (mm) (mm)

1 Block-inv 0·28 1·65 1·36 1;217000 2·4 —
460–1 Photo-inv 0·24 1·14 1·17 1;228000 6·0 15·2

2 Block-inv 0·43 3·25 3·19 1;268000 2·0 —
460–2 Photo-inv 0·20 2·80 2·23 1;271000 9·4 41·6

3 Block-inv 0·44 3·25 1·96 1;183000 3·9 —
460–2 Photo-inv 0·20 2·80 0·98 1;359000 3·1 30·0

4 Block-inv 0·31 2·19 1·11 1;305000 3·9 —
460–2 Photo-inv 0·23 2·46 0·86 1;360000 4·9 25·0

5 Block-inv 0·39 2·88 1·47 1;279000 1·7 —
460–2 Photo-inv 0·25 2·69 0·95 1;360000 4·6 34·7

6 Block-inv 0·76 6·42 3·09 1;138000 2·7 —
460–2 Photo-inv 0·29 2·30 1·15 1;333000 4·0 63·3

7 Block-inv 0·40 2·30 1·50 1;265000 2·3 —
460–2 Photo-inv 0·25 1·84 0·93 1;359000 4·2 31·7

8 Block-inv 0·70 4·07 3·33 1;149000 2·0 —
460–2 Photo-inv 0·24 2·33 1·14 1;397000 2·7 62·9

9 Block-inv 0·55 4·94 2·13 1;186000 2·6 —
460–3 Photo-inv 0·29 3·10 1·18 1;292000 5·0 62·9

10 Block-inv 0·22 1·04 1·21 1;256000 3·3 —
420–1 Photo-inv 0·17 0·87 0·89 1;298000 7·5 29·6

11 Block-inv 0·25 1·33 1·25 1;226000 1·9 —
420–1 Photo-inv 0·18 1·08 0·86 1;264000 4·6 21·4

12 Block-inv 0·30 2·01 1·70 1;200000 2·6 —
420–1 Photo-inv 0·17 1·08 0·96 1;301000 5·2 31·8

13 Block-inv 0·38 2·52 2·00 1;158000 3·0 —
420–2 Photo-inv 0·18 1·65 0·95 1;274000 5·4 34·5

14 Block-inv 0·27 1·54 1·65 1;265000 2·0 —
420–2 Photo-inv 0·17 1·31 1·02 1;361000 5·2 30·1

15 Block-inv 0·17 0·88 1·25 1;327000 4·1 —
420–3 Photo-inv 0·14 0·79 1·01 1;197000 39·4 173·0

16 Block-inv 0·16 0·74 — 1;215000 0·4 —
420-M Photo-inv 0·11 0·71 — 1;259000 7·0 89·8

17 Block-inv 0·17 0·75 — 1;370000 0·6 —
INCA-1 Photo-inv 0·17 0·78 — 1;359000 2·4 7·0

18 Block-inv 0·18 0·84 — 1;344000 0·6 —
INCA-2 Photo-inv 0·17 0·88 — 1;337000 3·0 11·9
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theseestimateswhich allow a meaningfulestimateof unit weight to be computed.
Estimatesof unit weightarenot shownfor thelastthreecasesbecausethecentroiding
processused by the VMS software cannot provide a priori image measurement
precisions.In these cases,the a posteriori estimateof the image measurement
precisioncan be evaluatedagainstprior experience.However,becausethe network
solutionscontainonly equallyweightedimageco-ordinateobservables,thea posteri-
ori estimateis directly correlatedto the r.m.s.imageresidualvalueandprovidesno
significantextra information.

Thechangefrom block invariantto photo-invariantadditionalparametermodels
doesshowsignificantimprovementin r.m.s.imageresidualsandtheestimateof unit
weight for virtually all casesin Table IV. The exceptions,cases15, 17 and18, are
analysedfurther, later in this section.Numericalreductionsin r.m.s.andunit weight
valuesfor the majority of casesindicategreatereffectivenessof the photo-invariant
model, as r.m.s. and unit weight are the prime indicators of internal network
consistency.In addition,the maximumimageerrorsarealsoreducedin mostcases,
againindicatingan improvedinternal consistencyin the networks.

Also shownin TableIV is therelativeprecisionfor thenetworks.With thesame
exceptions,virtually all casesshowa significantimprovement,indicating the object
spaceprecisionof the network has also improved.As has beennoted previously,
thesevaluesmay not be good indicatorsof relativeaccuracy.However,it could be
expectedthat the changein relative precisionis neverthelessa good indicator of a
correspondingchangein relativeaccuracy.

A cleardisadvantageof the photo-invariantparametermodel is a weakeningof
the networks,ascomparedto the block invariantmodel (Fraser,1987). In all cases
the relative precision, if uncorrectedfor the a posteriori estimateof unit weight,
would be degradedin comparisonto the photo-invariantmodel.Using case2 asan
example,if the estimatesof unit weight are ignoredin order to assessthe affect of
geometry,theuncorrectedrelativeprecisionis degradedby approximately30 percent
for the photo-invariantadditionalparameterset,as comparedto the block invariant
parameterset.The relativeprecisionsfor the networkswith the block invariantand
photo-invariantadditionalparametermodelsarevery similar, despitethe significant
decreasein ther.m.s.imageresidualfor thenetworkusingthephoto-invariantmodel.
The weakeningof the network is exaggeratedfor case2 becauseit hasa relatively
smallernumberof targetsand the targetarray doesnot havea substantialrangein
depth,as comparedto the networksusing the purposebuilt calibrationranges.The
strongernetworksshowa precisiondegradationof no worsethan10 per cent in the
uncorrectedrelativeprecisions.

This weakeningof the geometricstrengthof the networks using the photo-
invariantadditionalparametermodel canbe ascribedto:

(a) the decreasein geometric redundancy(in the block invariant case, all
photographscontributeto the determinationof xp andyp);

(b) anincreasein thelevel of correlationbetweenadditionalparametersfrom an
averagevalueof 0·15for theblock invariantcaseto anaveragevalueof 0·25
for the photo-invariantcase (the multiple instancesof xp, for example,
exhibit high correlationfactorsof 0·4 to 0·8); and

(c) thesmalldecreasein thenumericalredundancy(everyphotographaddstwo
unknownparametersto the networksolution).

Case15 showsa markeddegradationin relativeprecisionfor thephoto-invariantcase
and cases17 and 18 show a slight decreasein relative precision.Thesecasesare
exceptionsto the generaltrendof improvementin all othercases,and the reversals
aredue to quite different reasons.

In case15, thead hoc targetarrayhada depthwhich wasslightly lessthan5 per
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centof the diagonaldistanceacrossthe area,severelyweakeningthe networkwhen
combinedwith a relatively small numberof targetsand the large focal length to
format ratio of the DCS420camerawith an 18mm lens.Depthin the targetarrayis
very importantin orderto minimizecorrelationsbetweenthePPparametersandother
calibrationandexteriororientationparameters(ShortisandHall, 1989).Correlations
causedby projectivecouplingbetweenthe PP location,camerastationlocationand
cameratilts are exacerbatedfor a photo-invariantparametermodel, becausethe
determinationof the PP parametersis individually dependenton the information
containedwithin the image.A calibrationusinga block invariantparametersetand
a planartargetarraymay realizean acceptableresult for the PPparametersthrough
the useof multiple rolls, convergentimagesandmultiple camerato objectdistances
to minimize the coupling. However, a single photographcannot employ these
strategiesandparameterdependencemayleadto very strongcorrelationsbetweenthe
PP location and other parameters.In case15, correlationsapproachingunity are
clearly evident in the unacceptablylarge and unclusteredvariations in the PP
location.

This line of reasoningis further supportedby an analysisof the estimated
variationof the PPco-ordinatesandthe actualvariationin the PPco-ordinatesfrom
thephoto-invariantparametermodel.Thesedataareshownin theright-handcolumns
of TableIV. In all casesexcept15, the expectedvariationof the PPco-ordinates,as
determinedby thephotogrammetricnetworksolution,is lessthan10mm at the99 per
cent confidencelimit. The actualvariation in the PP position rangesfrom 7mm to
90mm. In case15, the estimatedvariation is muchgreaterat almost40mm and the
actualvariationis morethantwice themaximumof all othercases,indicatingthatthis
caseis an outlier which is out of characterwith the generaltrend. Reducingother
casesto analmostplanararrayof targetsshowedsimilar, thoughlessdramatic,results
in termsof the increasedcorrelationsandPP variation.

The INCA camerasusedfor cases17 and18 arebasedon the KodakMegaplus
4.2i camera,which hasvery differentdesigncriteriato theDCSseries.This scientific
camerais basedon a monolithic metal casing, the CCD array is mountedin an
evacuatedchamberwhichcannotberoutinelydisassembledandtheINCA fixed focus
lensis screwmountedto thecamerabody.As a consequence,theMegaplusseriesis
designedaccordingto fundamentalrequirementsfor stability (Kodak, 1994) and
indeedis widely perceivedasa very stablecamera.Further,thereis someevidence
that the INCA is significantly more stablethan the DCS series(Shortisand Ganci,
1997).

In the circumstancethat a camerabody is stableand the CCD array is in a
constantpositionwith respectto theopticalaxisof the lens,little or no improvement
could be expectedin a calibrationnetworkdueto the changefrom a block invariant
to photo-invariantPPparametermodel.Althougha smallamountof movementof the
PP location could be expecteddue to the nature of the least squaresestimation
solution, the weakeningof the network solution may realize a poorer relative
precisionfor the photo-invariantmodel. This is indeedthe outcomefor the INCA
cameracalibrations,indicating that thesecamerasarestableandthe photo-invariant
model confersno significantadvantage.

Theexpectedstability of the INCA cameraswasusedto performa baselinetest
of accuracyfor the DCS420camera.The DCS420-M,INCA-1 andINCA-2 calibra-
tion networkswerecapturedwithin a few hoursof oneanother,sothat theUniversity
of Melbournetargetarraycould be consideredto be fixed. The DCS420-Mdatafor
the block invariant and photo-invariantparametersetswere then comparedto the
block invariantparametersetsfor a combinednetworkfrom the two INCA cameras.
The latter network comprises64 images,a redundancyof some 16500 and an
estimatedrelativeprecisionof 1;443000.Whilst therelativeaccuracyof thenetwork
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cannotbe verified, the relativeprecisionof the combinedINCA networkis certainly
betterthanwhat could be possiblewith the singleDCS420camera.

Relative accuracieswere computed from the r.m.s. co-ordinate difference
betweenthe co-ordinatescomputedfrom the DCS420block invariant and photo-
invariantnetworksandthecombinedINCA network.Theresultsof theaccuracytest
verify that the relative accuracyof the block invariant parametermodel is substan-
tially degradedcomparedto the photo-invariant parametermodel. The relative
accuraciesachievedby the DCS420-Mwere1;27000 and1;172000 for the block
invariant and photo-invariantcases,respectively.It is no surprisethat the relative
accuracy for the photo-invariantparameterset case is poorer than the relative
precisionby a factorof approximately1·5.However,the factorof eight for theblock
invariantparametersetcaseis unexpected.A degradationby a factor of eight is an
extremedisparity betweenthe relative precisionand relative accuracy.Further,the
block invariant caseshowedclear systematictrendsin the co-ordinatedifferences,
whilst the photo-invariantcaseshoweda primarily randompatternof error suchas
that shownin Fig. 4.

It mustbe stressedherethat this isolatedcaseis probablyexceptional,asprior
researchhas shown that the discrepancybetweenrelative precision and relative
accuracyhas beenverified at lower levels (Fraserand Shortis,1995). It could be
expectedthat thedegreeof degradationwould dependon the inherentstability of the
camerain termsof thevariationof thePPlocation,andthis behaviouris investigated
in the next section.

BEHAVIOUR OF THE PPLOCATION

The behaviourof the PP location is convenientlyanalysedusing plots of the
positionwithin the imageco-ordinatesystem.Thepositionplotsarebasedon thePP
locationsproducedby the photo-invariantadditionalparametermodel for individual
exposuresandthesinglePPlocationfor all exposuresproducedby theblock invariant
additionalparametermodel.For the sakeof consistency,only the cardinalroll angle
locations of the photo-invariantPP are shown on each plot. In order to identify
clustering,commonsymbolsareusedfor PPlocationsderivedfrom exposureswith
approximatelythe samecardinal roll angles.In all casesthe units of the position
locationsaremillimetres.

Comparisonof cases1 and2 in Fig. 6 demonstratesclearly thevariedbehaviour
of differentcameras.Herethelenswasidenticalandthecalibrationscenariowasvery
similar, yet the location and rangeof variation of the PP within the imageis quite
different. In neithercaseis thereany clusteringapparent,indicatingthat the random
rolling of thecamerapreventsanyconsistencyin therelocationof theCCD arrayfor
any particularroll angle.

A muchclearerclusteringof PPpositionsis shownin Fig. 7. In thesecases,a
dual roll strategywas used,which comprisedtwo exposuresat eachstation in the
regular order of 0° and 90°. In cases3 and 4, the samecamerawas used with
thecalibrationfield but with two differentlenses.Different generallocationscouldbe
expectedand this is realized.However, a similar pattern of PP locations would
beexpectedandthis is not so.Whilst thescatterof thePPfor eachcardinalroll angle
is similar, especiallyin the x axis direction,the relativepositionsof the two clusters
are not similar. The confoundingfactor heremay be that the two calibrationswere
separatedby approximatelyonemonthduringwhich thecamerawasusedfor project
work.

The four casesof quadrupleroll strategy for cameraDCS460–2shown in
Fig. 8 presentboth explainableandunexplainablebehaviour.All four casesusedthe
calibrationfield, 32 exposuresanda similar layout of eight camerastations.Cases5
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FIG. 6. Principalpoint locationvariations(mm) for cases1 and2.

FIG. 7. PPlocationvariations(mm) for cases3 and4.

and 6, shownon the top row, useda quadrupleroll strategywherefour exposures
weretakenat eachcamerastationin no particularorder.For case6, the camerawas
shakenbeforeeveryexposureto simulateroughhandling.The greaterspreadof PP
locations for case6 is clear evidencethat handling of the cameradoes have an
influenceon the CCD arrayposition.Cases7 and8, shownon the bottomrow, used
a consistentquadrupleroll strategywhereeverycamerastationwasvisitedfour times
with the cameraheld in a cardinal roll position throughouteachpassaroundthe
camerastations.Theclearlyevidentclusteringis proof that theCCD arraydoestake
up a stablelocationwithin the focal plane.The left-handcolumn in Fig. 8, cases5
and 7, usedthe samelens. The block invariant PP location and the extent of the
photo-invariantlocationsarecomparable,with the moreevidentclusteringin case7
explainabledue to the consistentroll.

Case8, on the bottom right of Fig. 8, showsextremelyclear and symmetrical
clusteringandthereis a strongcorrelationbetweenthis behaviourandthe predicted
behaviourof thePPlocationshownin Fig. 2. However,cases7 and8 on thebottom
row of Fig. 8 couldbeexpectedto showsimilar behaviourandclearlydo not. Again,
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FIG. 8. PPlocationvariations(mm) for cases5 (top left), 6 (top right), 7 (bottomleft) and8 (bottomright).

theconfoundingfactormaybe the time delayof severaldaysbetweencases7 and8,
during which time the camera was involved in project work. In contrast, the
calibrationsfor cases5 and7 wereconductedon the sameday.

The simple act of changinglensesmay havethe potential to contributeto the
unexplainedbehaviour.The pressureon the lens mount and twisting motion of
removaland insertionmay affect the configurationof the camerabody and digital
back,in turn changingthepressureon theCCD arraymount.As hasbeenpreviously
stated,the loosenessof theCCD arrayis very dependenton themechanicalrelation-
ship betweenthe camerabody anddigital back.

The third DCS460cameratestedwas opportunisticallycalibratedusing a con-
sistentroll strategyand the PP location variation shown in Fig. 9 again indicates
strongclustering.This calibrationwascurtailedby a miscalculationof the available
spaceon thePCMCIA disk drive and,asa result,theexposuresfor only thefirst three
rolls werecompleted.Despitethis, theclusteringagainhasa striking correlationwith
thepredictedmovementin Fig. 2 andthepositionof theblock invariantPPis in good
agreementwith the expectedphysicalmodel.

Shownin Fig. 10 is a comparisonof two DCS420camerascalibratedundervery
similar circumstances.The fundamentaldifferencebetweenthesetwo cameraswas
thatDCS420–1is thecamerashownin Fig. 5, which wasstabilizedby clampingthe
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FIG. 9. PPlocationvariations(mm) for case9.

camerabodyto thedigital backandpartially fixing theCCD arrayto thedigital back
(Shortis and Beyer, 1997). The changein behaviour of DCS420–1,whilst not
prominent, is apparent.The spreadof the PP locations is less and there is some
evidenceof clusteringfor DCS420–1,whilst DCS420–2showsa very randompattern
of PPlocations.As previouslynoted,whilst thecameramodificationwasimpractical,
the improvementin calibration stability was significant. The reduction in the PP
variationdemonstratedhereis alsosignificant,but probablyinsufficientto justify the
modificationasa viable alternativeto the photo-invariantsolutionevenif a practical
stabilizationmechanismcould be contrived.

FIG. 10. PPlocationvariations(mm) for cases11 and13.
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FIG. 11. PPlocationvariations(mm) for cases15 and16.

Fig. 11 showsa further two casesof DCS420cameracalibrations.Theleft-hand
chartshowsthesingleresultfor theDCS420–3camera.Thevery largevariation(note
that the extentof this chart is more than twice that of the othercharts)shownhere
is not consideredto be physicalmovement,but insteadis a phenomenonassociated
with a weaknetworkasdiscussedin the previoussection.In contrast,the right-hand
chart showsthe result for the University of MelbourneDCS420with a very strong
network and demonstratesvery clear clusteringof the PP locationsfor eachof the
four roll angles,despitethe fact that this wasnot a caseof consistentroll handling.

The results for the two INCA camerasare shown in Fig. 12. As could be
expected,the variation in the PP location is much lessbecausethe Megaplusseries
has a very different design,which has greaterinherentstability. There is a clear
differencein resultsfor the two cameras,asINCA-1 showsa muchtighter grouping
of PP locationsaroundthe block invariant location, indicating that this camerais
morestable.Consideringthat the methodandcircumstancesof the calibrationwere
virtually identical for the two cameras,this result shows that there is also some
variation in the behaviourof this type of high resolution,scientificcamera.

Variationin behaviouris clearlydemonstratedfor theDCScameras,ascouldbe
inferredfrom the cameradesignandconstruction.Whilst the casesof consistentroll
strategyprovideevidencethat thebehaviourcanbemodifiedby carefulhandling,the
wide variety of PPlocationvariationandpatternsof clusteringfor the “typical use”
casesindicatesthat every cameramay be different. Indeed,the behaviourof the
camerain terms of the PP location seemsalso to be modified by time or use in
betweencalibrations.Suchvariation is contraryto the developmentof a genericthe
predictedmovementin Fig. 2 and the positionof the block invariantPP is in good
agreementwith the expectedphysicalmodel.

Shownin Fig. 10 is a comparisonof two DCS420camerascalibratedundervery
similar circumstances.The fundamentaldifferencebetweenthesetwo cameraswas
thatDCS420–1is thecamerashownin Fig. 5, which wasstabilizedby clampingthe
physicalmodel,other than the photo-invariantPP parametermodel.

BLOCK INVARIANT VERSUSOTHER PPMODELS

Despitethe generallyrandombehaviourof the typical usecasesfor the DCS
cameras,thetwo additionalphoto-invariantmodelsproposedearlierin thepaperwere
testedwith someof the first 16 casesin TableIV. A subsetof caseswasselectedto
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FIG. 12. PPlocationvariations(mm) for cases17 and18.

illustratethe full rangeof roll strategiesfor typical useof the DCS460andDCS420
cameras.Casesof consistentroll wereexcludedon thebasisthat thesearenot typical
usescenariosandthereforemaybemisleadingin termsof theeffectivenessof thetwo
additionalparametermodelstested.

The resultsshownin TableV indicatethat, in general,the elliptical motion and
roll clusteredphoto-invariantPP additional parametermodels are not effective.
Whilst, in mostcases,thereis a reductionin the r.m.s.imageresidual,indicatingan
improved level of internal consistencyfor the networks,this is not translatedinto
significantimprovementsin relativeprecisiondueto the weakeningof the networks
aspreviouslydiscussed.In casessuchas2 and13, therelativeprecisionis degraded,
ratherthanmaintainedor improved.The lack of effectivenessis due to the meagre
level of clusteringof the PP locationsin most cases.Cases2 and 13, in particular,
showavery randompatternof PPlocations,which is quitecontraryto theexpectation
of the two additionalparametermodels.

Theexceptionto this is case16,which doesindicateanimprovementin boththe
r.m.s. imageresidualsand the relative precisionsfor the elliptical motion and roll
clusteredphoto-invariantPPadditionalparametermodels.The evidentclusteringof
PPlocationsfor this camerais in accordwith thefundamentalassumptionsof thetwo
models, leading to a significant reduction in systematicerror and a consequent
improvementin internal consistencywhich is over andabovethe weakeningof the
geometricstrengthof the network.However,it shouldbe notedthat, like all other
cases,the independentphoto-invariantPP additional parametermodel exhibits the
most internally consistentandprecisenetwork.

CONCLUSIONS

This investigationhasshownthatPPmovementin theDCSseriesof camerasis
a real phenomenon,which doesdegradethe integrity of self calibratingnetworks.
Although other effects which contribute to the instability of the cameramay be
present,the responseof the CCD array to cameraroll is the mostevidentsourceof
systematicerror.Themagnitudeof the effect variesbetweencameras,which is most
probablycorrelatedwith the stiffnessof the springmountingof the CCD arrayand
the pressureon the surroundof the array when the camerabody is attachedto the
digital back.Thereis alsosomeindicationthatthesamecameracanvary in behaviour
due to disassemblyand,perhaps,due to routineuse.
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TABLE V. Resultsfor theselectedcalibrationdatasetsusedin theexperimentaltesting.

Case R.m.s. Maximum Estimate Estimated
and Additional image image of unit relative

camera parametermodel error (mm) error (mm) weight precision

2 Block invariant 0·42 3·24 3·19 1;268000
Random Elliptical motionPP 0·42 3·22 3·19 1;260000

Roll Roll clusteredPP 0·41 3·24 3·13 1;260000
460–2 Photo-invariantPP 0·20 2·80 2·23 1;271000

3 Block invariant 0·44 3·25 1·96 1;183000
Dual Elliptical motionPP 0·40 4·20 1·78 1;192000
Roll Roll clusteredPP 0·40 4·17 1·80 1;190000

460–2 Photo-invariantPP 0·20 2·80 0·98 1;359000

5 Block invariant 0·39 2·88 1·47 1;279000
Quad Elliptical motionPP 0·38 2·71 1·44 1;281000
Roll Roll clusteredPP 0·32 2·80 1·23 1;322000

460–2 Photo-invariantPP 0·25 2·69 0·95 1;360000

6 Block invariant 0·76 6·42 3·09 1;138000
Quad Elliptical motionPP 0·65 5·43 2·68 1;158000

Shaken Roll clusteredPP 0·62 6·18 2·56 1;162000
460–2 Photo-invariantPP 0·29 2·30 1·15 1;333000

13 Block invariant 0·38 2·52 2·00 1;158000
Quad Elliptical motionPP 0·40 4·33 2·12 1;144000
Roll Roll clusteredPP 0·38 4·40 2·03 1;145000

420–2 Photo-invariantPP 0·18 1·65 0·95 1;274000

16 Block invariant 0·16 0·74 — 1;215000
Quad Elliptical motionPP 0·14 0·69 — 1;228000
Roll Roll clusteredPP 0·13 0·77 — 1;238000

420-M Photo-invariantPP 0·11 0·71 — 1;259000

The most generaland effective solution is the independentphoto-invariantPP
additionalparametermodel,which assignsa differentPPlocationto everyexposure.
This solutiondoesnot rely on a physicalmodelof the CCD arraymovementwithin
the focal plane.The disadvantageof this solution is an inherentweakeningof the
photogrammetricnetwork. However,this is of little consequencein comparisonto
the improvementin the internalconsistencyof the network.Further,the majority of
industrialmetrologyapplicationsemploymanyexposures,dueto theavailableimage
capacityof the DCS cameras,which realizesa very high level of reliability and
overcomesthe effect of the increasednumberof unknownparameters.

The elliptical motion androll clusteredphoto-invariantPPadditionalparameter
modelsarebasedon an analysisof the physicalcauseof the systematicchangesin
the PP locationwith roll angle,but thesemodelsare ineffective in mostcases.The
ineffectivenessis due to the randomnatureof the PP locations,as shown in the
behaviouranalysisbasedon the independentphoto-invariantadditional parameter
model.Themagnitudeandrandomnessof thePPlocationpatternsvary from camera
to camera.However,noneof the camerastestedin a typical useregimeexhibited
sufficient consistencyfor thesemodelsto be as effectiveas the independentphoto-
invariantadditionalparametermodel.

Although the independentphoto-invariantadditional parametermodel does
successfullymodel the systematicerror in the DCS seriescameras,a bettersolution
is to designand/orusea stablecamerasystem,suchastheMegaplusseries,for high
precisionvision metrology.Useof anextendedcalibrationalgorithm,no matterhow
effective, will alwaysbe a compromisebecauseit cannotbe universal.Therewill
alwaysbe circumstanceswheresucha solution will fail, suchas nearplanartarget
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arrays,small numbersof targets,small numbersof imagesor a combinationof all of
thesefactors.However,if Kodak DCS seriescamerasareusedwith the independent
photo-invariantadditionalparametermodel and very strongself calibratingphoto-
grammetricnetworks,significantly improvedrelative precisionsand accuraciescan
be achieved.
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Résumé

On a largementadoptéles caméras numériquesdansles applications
dephotogramme´trie à courtedistanceet devisionrobotique.Etantdonnées
les avantagesde l’enregistrementsur place des imagesnumériques, la
facilité et la rapidité du traitementdesdonnées, les caméras numériques
sont devenuesrapidementun équipementstandard pour les travaux de
mesuresen métrologie industrielle et pour enregistrer les données du
patrimoine.Commedanstouteapplicationmétrique, la précision que l’on
peut obtenir sur les objets dépend, entre autres, de la précision de
l’étalonnage de la caméra. Dans la grande majorité des applications
photogramme´triques il suffit d’utiliser un modèle d’étalonnageinvariant
dans le bloc, définissant les paramètres physiques élémentaires, et
notammentla position du point principal. Mais dans le cas descaméras
Kodak DCS 420 et DCS 460, conçues pour un usagedomestiqueet les
reportagesphotographiques,on sait très bien que cet étallonnage est
instabledu fait de leur réalisation, basée sur le corps d’une caméra SLR
35mm.En particulier, desétudesantérieuresont montréquela positiondu
point principal était sujetteà des déplacementspendantla manipulation
normaledela caméra, provoqués par le dispositifdemontagedela matrice
des DTC (CCD). On décrit dans cet article une recherchemenée sur la
tenuephysiquede la positiondu point principal et l’on comparedifférents
modèles des paramètres d’étalonnage des caméras numériques Kodak
DCS420 et DCS460.

Zusammenfassung

Digitale Standkameraswerdenweitverbreitetfür Anwendungenin der
Nahphotogrammetrieund beim Maschinensehenadoptiert. Wegen der
Vorteile der Speicherungder digitalen Bilder in der Kamera und der
schnellen Datenverarbeitungwerden digitale Standkamerasrasch zur
Standardausru¨stungfür Meßaufgaben,wie z.B.die industrielleMetrologie
und die Aufzeichnungdes kulturellen Erbes. Wie für jede metrische
Anwendunghängt die Genauigkeitder abgeleitetenObjektdatenneben
vielenanderenFaktorenvonder GenauigkeitKammerkalibrierungab. Für
die meisten photogrammetrischenAnwendungenist die Nutzung des
einfachen Falls eines blockinvarianten Kalibrierungsmodells,das die
hauptsa¨chlichen physikalischenParameter einschlieblich der Lage des
Hauptpunktes umfaßt, ausreichend. Kameras, die jedoch für
Bildjournalistenund häuslichenGebrauchkonstruiertwurden,wie z.B.die
Kameras DCS420 und DCS640 von Kodak, sind für ihre
Kalibrierungsinstabilität gut bekannt, weil ihre Konstruktion auf dem
Kamerako¨rper einer 35 mm SLR-Kamera beruht. Insbesonderehat
vorhergehendeForschung ergeben, daß die Lage des Hauptpunktes
währendder normalenKamerabehandlungzur Bewegungneigt, und zwar
wegender Mechanik,wie die CCD-Matrix befestigtist. Im Beitrag wird
über eine Untersuchungdes physikalischenVerhaltens der Lage des
Bildhauptpunkts berichtet, und es werden verschiedene
Kalibrierungsparameter-Modellefür die StandkamerasDCS420 und
DCS640von Kodakverglichen.
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