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Abstract

Digital still camerashavebeenwidely adoptedfor closerange photo-
grammetry and machinevision applications. Due to the advantagesof
onboard storageof digital images,portability and rapid data processing,
digital still camerasare rapidly becomingstandardequipmenfor measure-
menttaskssuchas industrial metrologyand heritagerecording.As for any
metric application, the accuracyof the derived object data is dependent,
amongstmanyotherfactors,on the accuracyof the cameracalibration. For
the vastmajority of photogrammetri@pplications,useof the simplecaseof
a block invariant calibration model comprising the primary physical
parameters,ncluding the principal point position, is sufficient. However,
cameragdesignedor photojournalismand domestiause,suchasthe Kodak
DCS420and 460 cameras are well knownfor their calibration instability
becausehe designis basedon a 35mm SLR camerabody. In particular,
previousresearchhas shownthat the principal point location is prone to
movementduring normal handling of the camera, due to the mounting
mechanisnof the CCD array. This paperreportson an investigationof the
physicalbehaviourof the principal point location and comparesdifferent
calibration parametermodelsfor the Kodak DCS420and DCS460digital
still cameras.
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INTRODUCTION

DIGITAL STILL CAMERAS have gained wide acceptancefor high precision optical
three dimensionalmeasurementparticularly in the applicationareasof industrial
inspectionandlargescalemetrologyin manufacturingandengineeringBeyer,1995).
Digital still camerasare now a fundamentatomponenbf vision metrologysystems
(Fraser,1997), usedeither as a single roving camera(offline mode) or in multiple
cameraconfigurationsas part of a work cell arrangement(online mode). The
acceptancef thesecamerass basedprincipally on the efficiency with which they
canbe usedandthe accuracylevelswhich canbe achievedThe cornerstonef their
efficiencyis the useof digital images,which canbe rapidly acquiredand processed.
In particular,advancesn the automationof vision metrologysystemgFraser,1997)
would not be feasible without the use of cameraswhich capturedigital still or
video-rateimages.

A digital still imagecamerawhich hasprovedto be extremelypopularfor metric
applicationds the Kodak DCS series(SusstrunkandHolm, 1995; Peipe,1995). This
cameraseriesis designedessentiallyfor photojournalism,but has many desirable
featuredor a digital imagephotogrammetricameraThe high resolutionof the CCD
sensorcombinedwith high imagestoragecapacityandreadyavailability, hasmade
the DCS the commonchoicefor vision metrologyapplicationswhere systemporta-
bility is important.Althoughthereareotherdigital still camerawith similar features
(ShortisandBeyer,1996; MaasandNeiderwst, 1997; Peipe,1997),the DCS seriesis
certainly the most widely used camerafor industrial inspectionand large scale
metrology.The DCS serieshasalsofound acceptancéor otherapplicationssuchas
architecturalrecording(Streileinand Gaschen1994), surfacereconstructiorn(Petran
et al., 1996)and low altitude mapping(Mills et al., 1996).

The accuracyof vision metrology systemsbasedon digital still camerasis
dependenbn the imageresolution,imagescale ,imagemeasuremerprecisionanda
numberof other factors, such as network design (Fraserand Shortis, 1995). The
principal influence on accuracyfor the DCS seriesis the resolution of the CCD
sensorUtilizing a 1536x 1024 elementCCD array,the DCS420andits predecessors
arewidely usedfor measuremertaskswhich requirerelative precisionsin therange
1:50 000to 1:80 000 (Fraserand Shortis,1995). (Relative precisionis the ratio of
the meantargetco-ordinateprecision,asderivedfrom the photogrammetricmetwork
solution, to the largestspanof the targetarray.)Relativeprecisionswell in excessof
1:100000 (Peipe,1995) can be achievedwith the DCS460,which has an image
resolutionof 3096x 2048 pixels. Theselevels of precisionpresupposdigh contrast
targetedpointsin the objectspaceandimagemeasurementsing centroidstemplate
matchingor ellipsefitting (Luhmann,1996). The level of precisioncanbe improved
by usingmultiple exposurest eachcamerastationin a network (Fraserand Shortis,
1995), which can be readily carried out using the high image capacityof the DCS
series.

Like any camerausedfor metric applicationsgcalibrationis necessaryor digital
still cameradecauseystematicerrorsin the collinearity conditionmustbe modelled
or eliminated.Both the offline and online modesof operationtypically adoptself
calibration at a single focus setting, with the cameralens locked in position to
minimize variation in principal distanceand other focus dependenparameterf
interior orientation. In general,a block invariant additional parametermodel is
employed,which assumeghat thereis no changein the interior orientationof the
digital still camerabetweenexposuresAs a consequencereportedimage space
precisionsaretypically of the orderof 1/50to 1/30 of a pixel, or 0-2um to 0-3um.

Rigorousindependentchecksof object spaceaccuracy,where available,can
showdegradation®f the orderof 100 per centwhencomparedo internalmeasures
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of precision(Shortiset al., 1995; Fraserand Shortis,1995).In otherwords, relative
accuracyis typically poorerthanrelative precision.(Relativeaccuracyis the ratio of
the targetco-ordinater.m.s. error to the largestspanof the targetarray, wherethe
r.m.s.erroris computedrom co-ordinatedifferenceswith respecto the independent
determinationof targetco-ordinatesafter a three dimensionalsimilarity transform-
ation betweenthe two co-ordinatesets.)Therearemany potentialsourcef system-
atic errorwhich may contributeto the disparitybetweerrelativeaccuracyandrelative
precision.The primary potential sourceswhich have beenidentified are calibration
stability (Shortisand Beyer,1997), variation of distortion (Fraserand Shortis,1992;
Shortiset al., 1996), unflatnesof the CCD array (Fraseret al., 1995), perspective
distortionof targets(Dold, 1996)andoptical aberration§Robsonand Shortis,1998),
to namejust a few. This paperinvestigateghe specificissuesof calibrationstability
and behaviourof the principal point locationfor Kodak DCS seriescameras.

CALIBRATION STABILITY

Therearea numberof factorswhich affectthe calibrationstability of the Kodak
DCS cameraseries Cameradasedon the 35mm SLR body arewell knownfor their
lack of robustnesqFryer, 1985). The lack of robustnesf this cameratype is a
combinationof body instability and film unflatnessvariability, of which the former
will certainlyhavean effect on the Kodak DCS type. A further complicationis that
the camerabody to digital back mountingis not rigid, asthe camerabody is only
partially constrainedFig. 1). Previousresearchhas shownthat 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 spring mountedto minimize the
effectsof shockfrom mishandlingof the camera.The flexibility of the CCD array
mountinghasdirectconsequencesr thefidelity of the collinearity solution,because
the CCD arraydefinesthe focal planeandthis is generallyassumedo be fixed with

Threaded Hole CCD Array Mount

Lip Anchor Strip Retaining I\Jip

Connccli;1g Screw

Fic. 1. Camerabodyto digital backconnexionand CCD arraymountingof the Kodak DCS420.
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respecto the perspectivecentreof the objectivelens. Disassemblyof a DCS shows
clearly thatthe CCD array canrotatein the vertical direction (cameraheld upright)

with respecto the electricalconnexionswvhich arefixed to the cameraback (Fig. 1).

A lesseramountof movementis possiblein the horizontaldirection. Both of these
possiblemovementsare nominally within the focal plane of the cameraMovement
in the direction perpendiculato the focal plane,parallelto the optical axis, is only

possiblewhilst the camerais disassemblecas markingson the CCD array surround
indicate that the array is pressedagainstthe digital back when the camerais

assembledor operation.

If the camerais rotatedabouta horizontaloptical axis, the effect of gravity will
resultin rotationalandlateralresponsefrom the CCD array,unlessit is pressedrery
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 amountof potential movementis
governedby the pressurémposedon the CCD array by the camerabody. It couldbe
expectedthat variationsin pressuredueto variationsin the quality of manufacture
andassemblyarelikely to leadto significantvariationsin CCD array movementlf
severalcamerasare investigatedover a sufficiently long period of time, the magni-
tude of any movementscould be expectedo be different for both different cameras
andat differentepochdor the samecamerasHence,if thefocal planeis moving,the
location of the principal point (PP) will appearto move with respectto a constant
frame of referenceon the CCD array.

Thereis substantialevidencefor variability in PP position and perhapsother
parameterdor the DCS during offline use (Gruenet al., 1995), particularly when
offline useis contrastedwith online use (Shortisand Beyer, 1997). The variations
detectedor offline usearecausedy the handlingof the cameraduringoperationand
the orthogonalroll strategiesisedto minimize parametecorrelationsin self calibrat-
ing networks(Keneficketal., 1972).In contrastonline usedoesnotinvolve handling
of the cameranor roll strategiesbecausethe camerais fixed on a tripod or other
support.Thereis someevidencehat,givena consistenfocus,lensdistortionis stable
in the mediumto long term (Shortisand Beyer, 1997), indicating that the variation
in thefocal planelocationwith respecto thelensis the principal sourceof calibration
instability.

A thoroughanalysisof the stability of the camerarequiresall aspectof camera
calibrationto be consideredThe analysisin this investigationconcernsonly the PP
variability in order to characterizebehaviour and derive appropriate parameter
models.The assumptioris that the main influenceon PP movementis cameraroll,
dueto the mechanisnmby which the CCD arrayis mountedin the cameraAlthough
otherinfluencesmay be presentsuchascamerabody flex, theseeffectsareassumed
to be of a lesserimportanceand are unlikely to have the sameconsistencyas the
effect of roll.

In orderto testthe premiseof poor physicalrobustnes®f the DCS camerapne
optionis stabilizationof the CCD arrayandthe camerabody, as previouslytestedin
the contextof offline versusonline stability (Shortisand Beyer,1997). The effect of
stabilizationshouldbe evidentin a reductionin PP movementor at leasta change
in the characteristidehaviourof the PP movement.

CALIBRATION MODELLING

Calibration modelsusedin conjunctionwith the principle of collinearity are
typically basedon a mixture of primary physicaltermsandadditionalempiricalterms
which modelthe systematicerrorsin the perspectiveprojection. Despitethe mix of
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TaBLE |. Blockinvariantadditionalparametemodelbasednphysicakterms.

Parametemame Parametersand/or model
Positionof the principal point Xp» Yo
Principaldistance pd
Radiallensdistortion Ar =Kar® + Kor® + kar” + ...
Decentringlensdistortion Ax=py(r? + 2x3) + p2 (2xy)
_ N Ay = py(2xy) + P2 (r* + 2%
Orthogonalityand affinity AX=aiX + ay

X, y = imageco-ordinateswith respecto the principal point; and
r = radial distancewith respecto the principal point.

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

The additionalparametemodelis adoptedasblock invariantwhenit appliesto
everyimagein a network. The implication of this adoptionis thatthe camerahasa
stablecalibrationand is usedat a constantfocus. Multiple cameras(Fraseret al.,
1995) or a single camerawith multiple focus settings(Shortiset al., 1996) may be
used,but eachinstancehasan associatedlock invariant parametesset. In orderto
provide a comparisonwith a “standard” model, the block invariant additional
parametermodel is usedin this investigationas a baseline againstwhich other
modelsare tested.

The alternativeto a block invariant parametersetis a partial or fully photo-
invariant parameterset. A fully photo-invariantparameterset implies that every
exposurein a network has a separateset of calibration parametersThis is an
implausible scenariobecausea totally unstablecamerais unlikely to be usedfor
preciseapplicationsand, asis discussedater, sucha network would be inherently
weak. A much more applicablescenariois a partial photo-invariantparameterset
where some parametersare constantfor the full network, whilst othersare photo-
invariantand apply to individual exposuregFraser,1987).

Under the assumptionghat the CCD array is adequatelypressedagainstthe
digital back, that body flex and instabilitiesin the lens mounting systemhave an
insignificanteffect, and that the lensfocusis unalteredwithin a single network, the
principal distancecan be adoptedas a block invariant parameterapplied to all
photographsUnduebody flex or arraymovementvould resultin a defocusingof the
image, which from experienceand anecdotalevidenceis not apparentfor these
camerasAs previouslynoted,evidencefrom otherresearcton mediumtermcalibra-
tion stability (Shortisand Beyer, 1997) indicatesthat lens distortions,given that the
lens focusis unchangedare stableand can also be incorporatedas block invariant
parametersThe orthogonalityand affinity termsare generallyinsignificantfor the
DCS cameraShortisandBeyer,1997)and otherresearctasindicatedthatthey are
a function of the lensopticsratherthanthe CCD sensor(Fraseret al., 1995).Again,
assuminga constanfocusfor thelens,thesetermscanbe adoptedasblock invariant.

If the justificationfor the block invarianceof the otherparameterss accepted,
thenonly the PPparameterareadoptedasphoto-invariantThis is in accordwith the
propositionthat the CCD is moving with respectto the lens optical axis becauseof
handlingduringoperationandtheroll strategyemployedduringtheimageacquisition
for a network. Although out of plane rotation cannotbe ruled out entirely, it is
assumedherethatthe major componenbf movemenis within the planeof the CCD
array and thereforewithin the focal plane.

In eachof the threefollowing casesof variablePP calibrationmodels,the other
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Fic. 2. Expectedmotion of the CCD arrayandinterpreted®PP movement.

physicalparameteralreadydescribedare consideredo be block invariant,whilst the
PP calibrationparametersary for eachand every exposure.

The most comprehensivemodel for CCD array movementis independent
photo-invariantPP parameterswhere every image has an associatedpair of PP
location parametersThis is a logical consequencef the typical geometryof self
calibrating networks,which havedifferent roll anglesfor every photographThere-
fore it could be expectedthat there would be a different PP location for every
photographHowever,someweakeningof the networkis inevitable,becausehe PP
parametergor eachphotographare determinedrom the imageobservationsn that
photograptonly andtherewill be a reductionin the overallnumberof redundancies
in the networkdueto the increasen the numberof unknownparametersin orderto
reducethe numberof calibrationparametersandthereforereducethe weakeningof
the self calibrating networks, other calibration modelsfor the PP location can be
consideredTheresponsef the PPlocationto roll anglemay be physicallymodelled
by a pseudo-circulamotionfunction(Fig. 2). It could be expectedhatthe magnitude
of the movementwill be greaterin the y axis directionfor the CCD array, because
the rotational motion is greaterthan the possiblemovementagainstthe electrical
connector.Therefore,in an ideal case,an elliptical patternof movementmight be
expectedin responseo a continuousrolling action. This leadsto a PP parameter
modelwhich hasconstantcomponentgelatedto the expectedmagnitudeof move-
mentand a variable componentwhich is dependenbn cameraroll, asfollows:

Xp = Xo — IxSin(roll)
Yo =Yo— Iy cos(roll),

wherer is a “radius” of motionfor eachcomponentandit is assumedhat the effect
on the y componentwill be maximizedin the upright and upsidedown orientations
andminimizedin the left andright roll orientationswith the oppositeeffect on the
X component

An additional complicationfor the elliptical motion modelis that it could be
expectedhatthetilt of the camerawould influencethe degreeof PP movementin
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TaBLE Il. Principalpointparametergrouped
with sectorsof orthogonalroll angles.

Group Roll anglerange
1 —45° =roll <45°
2 45° =roll <135
3 135 <roll < — 135
4 —135 =roll < —45°

the extremecaseof a vertical photographwith the CCD arrayin the horizontalplane,
little or no movementcould be expectedregardlesof the roll angleemployed.This
leadsto a slightly more complexpair of equationsfor the model asfollows:

Xp = %o — Iy Sin(roll) cos(tilt)
Yo = Yo — rycos(roll) costilt),

which assumehat the maximumeffect is encounteredvhenthe optical axis of the
cameras horizontal,the planeof the CCD arrayis verticalandthe correspondingilt
is zero. Theseequationsare somewhatempirical, but they do reflect the expected
physicalmovementof the CCD array.

The third model proposeds purely empirical,basedon the typical roll strategy
usedin self calibratingnetworks.The orthogonalroll anglesusedin self calibrating
networkstendto be orientedon the cardinaldirectionsof 0°, 90°, 180° and — 90C°,
as they correspondto upright, left roll, upside down and right roll respectively.
Therefore,a grouping of PP parameterswith sectorsof orthogonalroll anglesis
feasible,asshownin Tablell.

Clearly this is not a universalsolution, becausdwo photographswith closeto
45° of roll angle,which would be expectedo havesimilar PPlocations,mayfall into
differentgroupsandthereforewould not sharethe samePPparameterd-dowever this
partial block invariantadditionalparametemodeldoeshaveapplicationto networks
with a rigorouscardinaldirectionroll strategy.

Neither the elliptical motion nor roll grouping modelswill be efficient if the
CCD array doesnot show a reasonabledegreeof hysteresisin other words, it is
assumedhat the roll effectis very systematicandthe CCD arraywill returnto the
samephysical position given the sameapproximateroll angle.

EXPERIMENTAL WORK

Themajority of thecameracalibrationdatausedfor the analysisof PPbehaviour
is drawnfrom a programmeof experimentsnvestigatingcalibrationstability (Shortis
andBeyer,1997)andvariation of distortionwith focusandwithin the depthof field
(Shortiset al., 1996).In addition, somedatasetswere opportunisticallyused,based
on one off calibrationsof camerasThesedatawere gatheredat Imetric SA during
1996,wherethree DCS460andthree DCS420cameraswvere calibratedwith various
roll schemes.Additional data were subsequentlygatheredat the University of
Melbourne,where a fourth DCS420cameraand two Leica/GSIINCA 4.2 cameras
were calibrated. This later test at the University of Melbourne incorporatedan
accuracyevaluation,which was not conductedat Imetric. The 18 different casesare
shownin Tablelll.

The processingof all 18 casesemployedself calibration, free networksand a
targetedestrangeapproachEitherad hoctargetfield arrangementsr purposebuilt
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TasLE lll. Detailsof the 18 calibrationdatasetsusedin the experimentatesting.

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 32 920 Quad-roll
14 DCS420-2 Calibrationfield 14 46 920 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

testarrayswere used.The ad hoc targetarraysusedat Imetric weretypically made
up from a carbonfibre orientationcrossand a numberof carbonfibre rodslaid out
on the floor with a total of either 60 or 100 targets(Fig. 3).

Calibrationsusingthe ad hoc targetfield typically useda centralcamerastation
vertically abovethe centreof the array at which four photographswith orthogonal
rolls were exposed plus a numberof camerastationsaroundthe peripheryof the
targetarray with convergentphotographytoward the centreof the targetarray. The
photographsat the peripheralcamerastationswere typically exposedwith a random
roll strategywhich incorporateda mixture of cardinalroll directionsanda variety of
other orientationschosento fill the frame of the camera.

The purposebuilt arrayat Imetric comprises30 targetson a planarwall with the
addition of approximately65 targetson carbonfibre rods placedin the foreground.
The purposebuilt array at the University of Melbourneis similar, comprising135

Fic. 3. Typical ad hoctargetarrayusedfor calibrations.
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Fic. 4. Purposebuilt calibrationfield at Imetric SA. The graphicoverlayindicatesactivetargetimagesand
imageco-ordinateresidualsfrom the networksolution.

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
adequatehird dimension.Although the planararray plus movablefixturesis a less
thananideal case,it is convenientasthe requiremenfor permanenphysicalspace
in a laboratoryis minimized.

Calibrationsusing the purposebuilt testarray employeda network of between
six andnine camerastationswith convergenphotographyDual (0° and90° rolls) or
quadruple(0°, 90°, 18C° and —90°) roll strategieswere used at each station to
simulatethe typical practicein industrial metrology for minimization of parameter
correlationsTypical practicealsodecreesfor the sakeof efficiency,thateachcamera
stationis visited only onceandtwo or four exposuresare taken.Betweeneachroll
the camerais movedslightly to randomizethe locationandthereforerandomizeany
systematiocdependenciesn stationposition (Fraserand Shortis, 1995).

In a numberof casesthe camerastationswithin a single calibration network
werevisited threeor four timeswith the cameraheldin a consistenbrientation.This
is in deliberatecontrastto the normaloperatingmodeof visiting eachcamerastation
only onceandrolling the camerao eachorientationat the camerastation.The intent
was to ascertainwhetherthe CCD array would maintain a stable position if the
camerawas held in a constantattitudeto the directionof gravity. Sucha consistent
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FiG. 5. The stabilizedKodak DCS420camera.

roll strategywould be very inefficient,if notimpractical,in realindustrialmetrology
applications.

A DCS420camerawas modified by clampingthe camerabody to the digital
backandfixing onecornerof the CCD array(Fig. 5). This modificationwasintended
to stabilize the cameraand, particularly, the CCD array, in orderto minimize the
movementof the PP location (Shortis and Beyer, 1997). The solution was not
intendedto be absolutelycomprehensiveas the CCD array must be given some
freedomof movementto avoid shockdamagen the caseof a suddenimpacton the
cameraFurthermorelike the consistentoll strategy,this was not intendedto be a
practicalsolution for routine useof the DCS seriesof camerashut insteadwas an
attemptto verify the physicalsourceof the camerainstability.

In every case exceptthe University of Melbourne DCS420 and INCA 4.2
camerasthe targetimageswere measuredy leastsquaregemplatematchingusing
the commerciallmetric softwaresuite. In the caseof the University of Melbourne
camerasthe targetimageswere measuredy intensity weightedcentroids(Trinder,
1989) usingthe VMS softwaresuite, a digital image processingpackagedeveloped
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 image searchingusing multipho-
tographepipolar matching. The efficiency and rapidity with which the closerange
networks could be measuredand processedusing this software allowed multiple
calibrationsto be carried out quickly, aswell as enablingthe use of ad hoc target
arraysand foregroundfixtures. The VMS softwaresuiteis not yet so advancedand
a minor proportion of manual processingwas necessaryfor the University of
Melbournedata.
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PHOTO-INVARIANT VERSUSBLOCK INVARIANT

The independenphoto-invariantPP additional parametemodel allows the PP
co-ordinatego be adjustedfor individual exposuresThis model shouldrealizethe
maximumlevel of improvementin internal consistencyof the networksif the CCD
arrayis movingwith respecto the optical axis of the lens.The resultsof the network
solutionsfor the block invariant and photo-invariantparametemmodelsfor the 18
casesareshownin TablelV. R.m.s.imageresidualsmaximumimageresidualsand
estimatesof unit weight are shown as the measureof internal consistencyfor the
networks.

Estimatesof unit weight are shown only for the first 15 casesin Table IV
becausehesewere computedusing the Imetric software.In thesecasesthe target
image locationswere measuredising templatematching, which hasthe collateral
benefitof providing an a priori estimateof the image measuremenprecision.lt is

TaBLE IV. Resultsfor the 18 calibrationdatasetsusedin the experimentatesting.

Case Additional R.m.s. Maximum Estimated Mean99%Ilimit Meanspanof
and parameter image image Estimateof relative  of PPvalues PP locations
camera  model error (um) error (um) unitweight precision (um) (1)
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 39 —
460-2 Photo-inv  0-20 2-80 0-98 1:359000 31 30-0
4 Block-inv 0-31 2:19 1.11 1:305000 3.9 —
460-2 Photo-inv  0-23 246 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 27 —
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 4.07 333 1:149000 2.0
460-2 Photo-inv  0-24 233 1.14 1:397000 2.7 629
9 Block-inv 0-55 4.94 2:13 1:186000 26 —
460-3 Photo-inv  0-29 310 1.18 1:292000 5.0 62-9
10 Block-inv 0-22 1.04 1.21 1:256 000 33 —
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 5.2 318
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 3.0 119
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theseestimateswhich allow a meaningfulestimateof unit weight to be computed.
Estimateof unit weightarenot shownfor thelastthreecasesecauséhe centroiding
processused by the VMS software cannot provide a priori image measurement
precisions.In these cases,the a posteriori estimate of the image measurement
precisioncan be evaluatedagainstprior experienceHowever,becausehe network
solutionscontainonly equallyweightedimageco-ordinateobservablesthe a posteri-
ori estimateis directly correlatecto the r.m.s.imageresidualvalue and providesno
significantextrainformation.

The changefrom block invariantto photo-invariantadditionalparametemodels
doesshowsignificantimprovementn r.m.s.imageresidualsandthe estimateof unit
weight for virtually all casesin TablelV. The exceptionscasesl5, 17 and 18, are
analysedurther, laterin this section.Numericalreductionsin r.m.s.andunit weight
valuesfor the majority of casesndicate greatereffectivenesof the photo-invariant
model, as r.m.s. and unit weight are the prime indicators of internal network
consistencyln addition,the maximumimageerrorsare alsoreducedin mostcases,
againindicating an improvedinternal consistencyin the networks.

Also shownin TablelV is therelativeprecisionfor the networks With the same
exceptionsyirtually all casesshowa significantimprovement,ndicating the object
spaceprecisionof the network has also improved. As has beennoted previously,
thesevaluesmay not be good indicatorsof relative accuracy.However,it could be
expectedthat the changein relative precisionis nevertheles& good indicator of a
correspondinghangein relative accuracy.

A cleardisadvantagef the photo-invariantparametemodelis a weakeningof
the networks,as comparedo the block invariantmodel (Fraser,1987).In all cases
the relative precision,if uncorrectedfor the a posteriori estimateof unit weight,
would be degradedn comparisorto the photo-invariantmodel. Using case2 asan
example,if the estimatesof unit weight areignoredin orderto assesshe affect of
geometrytheuncorrectedelativeprecisionis degradedy approximately30 percent
for the photo-invariantadditional parameterset, as comparedo the block invariant
parameteiset. The relative precisionsfor the networkswith the block invariantand
photo-invariantadditionalparametemodelsare very similar, despitethe significant
decreasén ther.m.s.imageresidualfor the networkusingthe photo-invarianimodel.
The weakeningof the networkis exaggeratedor case2 becauset hasa relatively
smallernumberof targetsand the targetarray doesnot havea substantiakangein
depth,as comparedto the networksusing the purposebuilt calibrationranges.The
strongernetworksshow a precisiondegradatiorof no worsethan 10 per centin the
uncorrectedelative precisions.

This weakeningof the geometricstrengthof the networks using the photo-
invariant additional parametemmodel can be ascribedto:

(a) the decreasein geometric redundancy(in the block invariant case, all
photographsontributeto the determinationof x, andyy);

(b) anincreasean thelevel of correlationbetweeradditionalparameterérom an
averagevalueof 0-15for the block invariantcaseto anaveragevalueof 0-25
for the photo-invariantcase (the multiple instancesof x, for example,
exhibit high correlationfactorsof 0-4to 0-8); and

(c) thesmalldecreasén the numericalredundancyeveryphotographaddstwo
unknownparametergo the network solution).

Casel5 showsa markeddegradationn relativeprecisionfor the photo-invariantase
and casesl7 and 18 show a slight decreasen relative precision. Thesecasesare
exceptiongto the generaltrend of improvementin all other casesandthe reversals
are dueto quite different reasons.

In casels, thead hoctargetarrayhada 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

formatratio of the DCS420camerawith an 18 mm lens.Depthin the targetarrayis

veryimportantin orderto minimize correlationsbetweerthe PPparametersindother
calibrationandexteriororientationparametergShortisand Hall, 1989).Correlations
causedby projectivecoupling betweenthe PP location, camerastationlocation and

cameratilts are exacerbatedor a photo-invariantparametermodel, becausethe

determinationof the PP parameterss individually dependenton the information

containedwithin the image.A calibrationusinga block invariantparametessetand

a planartargetarray may realizean acceptableesultfor the PP parametershrough
the useof multiple rolls, convergenimagesand multiple camerato objectdistances
to minimize the coupling. However, a single photographcannot employ these
strategie@ndparametedependencenay leadto very strongcorrelationdetweerthe

PP location and other parametersin case 15, correlationsapproachingunity are
clearly evident in the unacceptablylarge and unclusteredvariations in the PP
location.

This line of reasoningis further supportedby an analysisof the estimated
variation of the PP co-ordinatesandthe actualvariationin the PP co-ordinatesfrom
the photo-invarianparametemodel. Thesedataareshownin the right-handcolumns
of TablelV. In all casesxceptl5, the expectedvariationof the PP co-ordinatesas
determineddy the photogrammetricetworksolution,is lessthan10 um at the 99 per
cent confidencelimit. The actualvariationin the PP position rangesfrom 7 um to
90um. In caselb, the estimatedvariationis much greaterat almost40um andthe
actualvariationis morethantwice the maximumof all othercasesindicatingthatthis
caseis an outlier which is out of characterwith the generaltrend. Reducingother
casego analmostplanararrayof targetsshowedsimilar, thoughlessdramatic results
in termsof the increasedcorrelationsand PP variation.

The INCA camerasisedfor casesl7 and 18 arebasedon the Kodak Megaplus
4.2i camerawhich hasvery differentdesigncriteriato the DCS series.This scientific
camerais basedon a monolithic metal casing,the CCD array is mountedin an
evacuateahambemhich cannotberoutinely disassembledndthe INCA fixed focus
lensis screwmountedto the camerabody. As a consequencehe Megaplusseriesis
designedaccordingto fundamentalrequirementsfor stability (Kodak, 1994) and
indeedis widely perceivedas a very stablecameraFurther,thereis someevidence
that the INCA is significantly more stablethanthe DCS series(Shortisand Ganci,
1997).

In the circumstancethat a camerabody is stableand the CCD arrayis in a
constanipositionwith respecto the optical axis of the lens, little or no improvement
could be expectedn a calibrationnetworkdueto the changefrom a block invariant
to photo-invariantPP parametemodel.Although a smallamountof movemenbf 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,indicatingthat thesecamerasare stableand the photo-invariant
model confersno significantadvantage.

The expectedstability of the INCA camerasvasusedto performa baselinetest
of accuracyfor the DCS420cameraThe DCS420-M,INCA-1 andINCA-2 calibra-
tion networkswerecapturedwithin a few hoursof oneanother sothatthe University
of Melbournetargetarray could be consideredo be fixed. The DCS420-Mdatafor
the block invariant and photo-invariantparametersetswere then comparedto the
block invariantparametesetsfor a combinednetworkfrom the two INCA cameras.
The latter network comprises64 images,a redundancyof some 16500 and an
estimatedrelativeprecisionof 1:443000.Whilst therelativeaccuracyof the network
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cannotbe verified, the relative precisionof the combinedINCA networkis certainly
betterthan what could be possiblewith the single DCS420camera.

Relative accuracieswere computed from the r.m.s. co-ordinate difference
betweenthe co-ordinatescomputedfrom the DCS420block invariant and photo-
invariantnetworksandthe combinedINCA network. The resultsof the accuracytest
verify that the relative accuracyof the block invariant parametemodel is substan-
tially degradedcomparedto the photo-invariant parametermodel. The relative
accuraciesachievedby the DCS420-Mwere 1:27000 and 1: 172000 for the block
invariant and photo-invariantcases respectively.lt is no surprisethat the relative
accuracyfor the photo-invariantparameterset caseis poorer than the relative
precisionby a factor of approximatelyl-5.However,the factor of eightfor the block
invariant parameterset caseis unexpectedA degradatiorby a factor of eightis 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 stressecherethat this isolatedcaseis probablyexceptionalas prior
researchhas shown that the discrepancybetweenrelative precision and relative
accuracyhas beenverified at lower levels (Fraserand Shortis, 1995). It could be
expectedhatthe degreeof degradatiorwould dependon the inherentstability of the
camerain termsof the variationof the PPlocation,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.The positionplots arebasedon the PP
locationsproducedby the photo-invariantadditionalparametemodelfor individual
exposuresndthe singlePPlocationfor all exposureproducedoy the block invariant
additionalparametemodel. For the sakeof consistencypnly the cardinalroll angle
locations of the photo-invariantPP are shown on eachplot. In order to identify
clustering,commonsymbolsare usedfor PP locationsderivedfrom exposureswith
approximatelythe samecardinal roll angles.In all casesthe units of the position
locationsare millimetres.

Comparisorof casesl and2 in Fig. 6 demonstrateslearly the variedbehaviour
of differentcamerasHerethelenswasidenticalandthe calibrationscenariovasvery
similar, yet the location and rangeof variation of the PP within the imageis quite
different. In neithercaseis thereany clusteringapparentjndicatingthat the random
rolling of the camergpreventsany consistencyn the relocationof the CCD arrayfor
any particularroll angle.

A muchclearerclusteringof PP positionsis shownin Fig. 7. In thesecasesa
dual roll strategywas used,which comprisedtwo exposuresat eachstationin the
regular order of 0° and 9C°. In cases3 and 4, the same camerawas used with
the calibrationfield but with two differentlensesDifferent generalocationscouldbe
expectedand this is realized. However, a similar pattern of PP locationswould
be expectedandthis is not so. Whilst the scatterof the PPfor eachcardinalroll angle
is similar, especiallyin the x axis direction,the relative positionsof the two clusters
are not similar. The confoundingfactor heremay be that the two calibrationswere
separatedby approximatelyonemonthduring which the cameravasusedfor project
work.

The four casesof quadrupleroll strategyfor cameraDCS460—-2shown in
Fig. 8 presentboth explainableand unexplainablébehaviour All four casesusedthe
calibrationfield, 32 exposuresanda similar layout of eight camerastations.Cases
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DCS460-1 Random Roll - Floor (f=20mm) DCS460-2 Random Roll - Floor (f=20mm)
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FiG. 6. Principalpoint locationvariations(mm) for casesl and2.
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Fic. 7. PPlocationvariations(mm) for cases3 and4.

and 6, shownon the top row, useda quadrupleroll strategywherefour exposures
weretakenat eachcamerastationin no particularorder.For case6, the camerawas
shakenbeforeevery exposureto simulaterough handling. The greaterspreadof PP
locationsfor case6 is clear evidencethat handling of the cameradoes have an
influenceon the CCD array position. Cases/ and8, shownon the bottomrow, used
aconsistentjuadrupleroll strategywhereeverycamerastationwasvisited four times
with the cameraheld in a cardinal roll position throughouteach passaroundthe
camerastations.The clearly evidentclusteringis proof thatthe CCD arraydoestake
up a stablelocationwithin the focal plane.The left-handcolumnin Fig. 8, casess
and 7, usedthe samelens. The block invariant PP location and the extent of the
photo-invariantocationsare comparablewith the more evidentclusteringin case7
explainabledueto the consistentroll.

Case8, on the bottomright of Fig. 8, showsextremelyclear and symmetrical
clusteringandthereis a strongcorrelationbetweenthis behaviourandthe predicted
behaviourof the PPlocationshownin Fig. 2. However,cases/ and8 on the bottom
row of Fig. 8 could be expectedo showsimilar behaviourandclearly do not. Again,
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DCS460-2 Quad Roll (f=24mm) DCS460-2 Quad Roll and Shaking (f=20mm)
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Fic. 8. PPlocationvariations(mm) for cases (top left), 6 (top right), 7 (bottomleft) and8 (bottomright).

the confoundingfactor may be the time delayof severaldaysbetweencases/ and8,
during which time the camerawas involved in project work. In contrast, the
calibrationsfor casess and 7 were conductedon the sameday.

The simple act of changinglensesmay havethe potentialto contributeto the
unexplainedbehaviour. The pressureon the lens mount and twisting motion of
removal and insertion may affect the configurationof the camerabody and digital
back,in turn changingthe pressureon the CCD arraymount.As hasbeenpreviously
statedthe loosenessf the CCD arrayis very dependenbn the mechanicatelation-
ship betweenthe camerabody and digital back.

The third DCS460cameratestedwas opportunisticallycalibratedusing a con-
sistentroll strategyand the PP location variation shownin Fig. 9 againindicates
strongclustering.This calibrationwas curtailedby a miscalculationof the available
spaceon the PCMCIA disk drive and,asaresult,the exposuregor only thefirst three
rolls werecompleted Despitethis, the clusteringagainhasa striking correlationwith
the predictedmovemenin Fig. 2 andthe positionof the block invariantPPis in good
agreementvith the expectedphysicalmodel.

Shownin Fig. 10is a comparisorof two DCS420camerasalibratedundervery
similar circumstancesThe fundamentaldifferencebetweenthesetwo camerasvas
that DCS420-1is the camerashownin Fig. 5, which was stabilizedby clampingthe
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Fic. 9. PPlocationvariations(mm) for case9.

camerabodyto the digital backandpartially fixing the CCD arrayto the digital back
(Shortis and Beyer, 1997). The changein behaviour of DCS420-1,whilst not

prominent,is apparent.The spreadof the PP locationsis less and thereis some
evidenceof clusteringfor DCS420-1whilst DCS420-2howsa very randompattern
of PPlocations.As previouslynoted,whilst the cameramodificationwasimpractical,
the improvementin calibration stability was significant. The reductionin the PP
variationdemonstratethereis alsosignificant,but probablyinsufficientto justify the
modificationasa viable alternativeto the photo-invariantsolutionevenif a practical
stabilizationmechanisncould be contrived.
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Fic. 10. PPlocationvariations(mm) for casesl1 and13.
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Fic. 11. PPlocationvariations(mm) for casesl5 and 16.

Fig. 11 showsa furthertwo caseof DCS420cameracalibrations.Theleft-hand
chartshowsthe singleresultfor the DCS420—-3XameraThevery largevariation(note
that the extentof this chartis more than twice that of the other charts)shownhere
is not consideredo be physicalmovementput insteadis a phenomenorassociated
with a weaknetworkasdiscussedn the previoussection.In contrastthe right-hand
chartshowsthe resultfor the University of MelbourneDCS420with a very strong
network and demonstratesery clear clusteringof the PP locationsfor eachof the
four roll angles,despitethe fact that this was not a caseof consistentoll handling.

The results for the two INCA camerasare shownin Fig. 12. As could be
expectedthe variationin the PP locationis muchlessbecausehe Megaplusseries
has a very different design,which has greaterinherentstability. Thereis a clear
differencein resultsfor the two camerasasINCA-1 showsa muchtighter grouping
of PP locationsaroundthe block invariant location, indicating that this camerais
more stable.Consideringthat the methodand circumstancesf the calibrationwere
virtually identical for the two camerasthis result showsthat there is also some
variationin the behaviourof this type of high resolution,scientific camera.

Variationin behaviouis clearlydemonstrateéor the DCS camerasascould be
inferredfrom the cameradesignand construction Whilst the casesf consistentoll
strategyprovide evidencethatthe behaviourcanbe modified by carefulhandling,the
wide variety of PP locationvariationand patternsof 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 usein
betweencalibrations.Suchvariationis contraryto the developmenbf a genericthe
predictedmovementin Fig. 2 andthe position of the block invariantPPis in good
agreementvith the expectedphysicalmodel.

Shownin Fig. 10 is a comparisorof two DCS420camerasalibratedundervery
similar circumstancesThe fundamentaldifferencebetweenthesetwo camerasvas
that DCS420-1is the camerashownin Fig. 5, which wasstabilizedby clampingthe
physicalmodel, other than the photo-invariantPP parametemodel.

BLOCK INVARIANT VERSUSOTHER PPMODELS

Despitethe generallyrandombehaviourof the typical use casesfor the DCS
camerasthetwo additionalphoto-invarianmodelsproposecdearlierin the paperwere
testedwith someof thefirst 16 casedn TablelV. A subsetof casesvasselectedo
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Fic. 12. PPlocationvariations(mm) for casesl7 and 18.

illustratethe full rangeof roll strategiedor typical useof the DCS460and DCS420
camerasCasedf consistentoll wereexcludedon the basisthatthesearenot typical
usescenariogindthereforemaybe misleadingn termsof the effectivenes®f thetwo
additional parametemodelstested.

Theresultsshownin TableV indicatethat, in generalthe elliptical motionand
roll clustered photo-invariantPP additional parametermodels are not effective.
Whilst, in mostcasesthereis a reductionin the r.m.s.imageresidual,indicatingan
improved level of internal consistencyfor the networks,this is not translatedinto
significantimprovementsn relative precisiondueto the weakeningof the networks
aspreviouslydiscussedin casesuchas?2 and13, the relative precisionis degraded,
ratherthan maintainedor improved. The lack of effectivenesss dueto the meagre
level of clusteringof the PP locationsin mostcasesCases2 and 13, in particular,
showa very randompatternof PPlocationswhichis quite contraryto the expectation
of the two additional parametemodels.

The exceptionto thisis casel6, which doesindicateanimprovemenin boththe
r.m.s.image residualsand the relative precisionsfor the elliptical motion and roll
clusteredphoto-invariantPP additional parametemodels.The evidentclusteringof
PPlocationsfor this camerds in accordwith thefundamentahssumptionsf thetwo
models, leading to a significant reduction in systematicerror and a consequent
improvementin internal consistencywhich is over and abovethe weakeningof the
geometricstrengthof the network. However, it shouldbe notedthat, like all other
cases the independenphoto-invariantPP additional parametemodel exhibits the
mostinternally consistentand precisenetwork.

CONCLUSIONS

This investigationhasshownthat PP movementin the DCS seriesof camerass
a real phenomenonwhich doesdegradethe integrity of self calibrating networks.
Although other effects which contributeto the instability of the cameramay be
presentthe responseof the CCD arrayto cameraroll is the mostevidentsourceof
systematicerror. The magnitudeof the effect variesbetweencamerasyhich is most
probablycorrelatedwith the stiffnessof the spring mountingof the CCD array and
the pressureon the surroundof the array when the camerabody is attachedto the
digital back.Thereis alsosomeindicationthatthe samecameracanvary in behaviour
dueto disassemblyand, perhapsdueto routine use.
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TasLE V. Resultsfor the selecteccalibrationdatasetsusedin the experimentatesting.

Case R.m.s. Maximum Estimate Estimated
and Additional image image of unit relative
camera parametemrmodel  error (um) error (um) weight precision

2 Block invariant 0-42 3:24 3:19 1:268000
Random  Elliptical motion PP 0-42 3.22 3-19 1:260000
Roll Roll clusteredPP 0-41 324 3-13 1:260000
460-2 Photo-invarianPP 0-20 2-80 2:23 1:271000
3 Block invariant 0-44 3:25 1.96 1:183000
Dual Elliptical motion PP 0-40 4.20 1.78 1:192000
Roll Roll clusteredPP 0-40 4.17 1-80 1:190000
460-2 Photo-invarianPP 0-20 2-80 0-98 1:359000
5 Block invariant 0-39 2-88 1-47 1:279000
Quad Elliptical motion PP 0-38 271 1-44 1:281000
Roll Roll clusteredPP 0-32 2-80 1.23 1:322000
460-2 Photo-invarianPP 0-25 2:69 0-95 1:360000
6 Block invariant 0-76 6-42 3:09 1:138000
Quad Elliptical motion PP 0-65 5:43 2-68 1:158000
Shaken  Roll clusteredPP 0-62 6-18 2-56 1:162000
460-2 Photo-invarianPP 0-29 2-30 1-15 1:333000
13 Block invariant 0-38 2.52 2-00 1:158000
Quad Elliptical motion PP 0-40 4-33 2-12 1:144000
Roll Roll clusteredPP 0-38 4.40 2.03 1:145000
420-2 Photo-invarianPP 0-18 1-65 0-95 1:274000
16 Block invariant 0-16 0-74 — 1:215000
Quad Elliptical motion PP 0-14 0-69 — 1:228000
Roll Roll clusteredPP 0-13 0-77 — 1:238000
420-M Photo-invarianPP 0-11 0-71 — 1:259000

The most generaland effective solutionis the independenphoto-invariantPP
additionalparametemodel,which assignsa different PPlocationto everyexposure.
This solutiondoesnot rely on a physicalmodelof the CCD array movementwithin
the focal plane. The disadvantagef this solution is an inherentweakeningof the
photogrammetrimetwork. However, this is of little consequencé comparisonto
the improvementin the internal consistencyof the network. Further,the majority of
industrialmetrologyapplicationsemploymanyexposuresgueto the availableimage
capacity of the DCS cameraswhich realizesa very high level of reliability and
overcomesghe effect of the increasechumberof unknownparameters.

The elliptical motion androll clusteredphoto-invariantPP additionalparameter
modelsare basedon an analysisof the physicalcauseof the systematicchangesn
the PP locationwith roll angle,but thesemodelsare ineffectivein mostcasesThe
ineffectivenesds due to the random nature of the PP locations,as shownin the
behaviouranalysisbasedon the independentphoto-invariantadditional parameter
model. The magnitudeandrandomnessf the PP locationpatternsvary from camera
to camera.However,none of the cameragestedin a typical use regime exhibited
sufficient consistencyfor thesemodelsto be as effective as the independenphoto-
invariant additional parametemodel.

Although the independentphoto-invariantadditional parametermodel does
successfullynodelthe systematicerrorin the DCS seriescamerasa bettersolution
is to designand/orusea stablecamerasystem,suchasthe Megaplusseries for high
precisionvision metrology.Useof an extendectalibrationalgorithm,no matterhow
effective, will alwaysbe a compromisebecausdt cannotbe universal. There will
alwaysbe circumstancesvhere sucha solutionwill fail, suchas nearplanartarget
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arrays,small numbersof targets small numbersof imagesor a combinationof all of
thesefactors.However,if Kodak DCS seriescamerasare usedwith theindependent
photo-invariantadditional parametemmodel and very strong self calibrating photo-
grammetricnetworks, significantly improvedrelative precisionsand accuraciesan
be achieved.

REFERENCES

BEYER, H. A., 1995. Digital photogrammetryin industrial applications.International Archivesof Photo-
grammetryand RemoteSensing 30(5W1): 373-378.

Dotp, J., 1996. Influenceof large targetson the resultsof photogrammetridbundle adjustment.lbid.,
31(B5): 119-123.

FrRASER C. S., 1987. Multiple exposuresn non-metriccameraapplications.Photogrammetria42(1/2):
62-72.

FrRASER C. S., 1997.Innovationsin automationfor vision metrology systemsPhotogrammetridRecord
15(90):901-911.

FRASER C. S.andSHorTIS, M. R., 1992.Variation of distortionwithin the photographidield. Photogram-
metric Engineering& RemoteSensing58(6): 851-855.

FRASER C. S. and SHorTIS, M. R., 1995. Metric exploitation of still video imagery. Photogrammetric
Record 15(85):107-122.

FRASER C. S., SHORTIS, M. R. andGancli, G., 1995.Multi-sensorsystemself-calibration.VideometricdV.
SPIE 2598:2-18.

FRYER, J. G., 1985. Non-metricphotogrammetryand surveyors Australian Surveyor 32(5): 330-341.

FRYER, J. G., 1996. Camera calibration. Close range photogrammetry and machine vision
(Ed. K. B. Atkinson). Whittles Publishing,Caithness371 pages:156—179.

GRUEN, A., MaAs, H.-G. and KELLER, A., 1995. Kodak DCS200—acamerafor high accuracymeasure-
ments?VideometricdV. SPIE 2598: 52-59.

KeNerFick, J. F., GYER, M. S. and Harp, B. F., 1972. Analytical self calibration. Photogrammetric
Engineering 38(11): 1117-1126.

Kobak, 1994. Kodak MegaplusCamera,Model 1.4, expandedspecificationrevision A. Motion Analysis
SystemsDivision, EastmanKodak Company,RochesterNew York. 35 pages.

LuHMANN, T., 1996. Resultsof the Germancomparisontest for digital point operators.International
Archivesof Photogrammetryand RemoteSensing 31(B5): 324—-329.

Maas, H.-G. and NIEDERGsT, M., 1997. The accuracypotential of large format still video cameras.
VideometricsV. SPIE3174:145-152.

MiLLs, J. P., NEwTON, I. and GRAHAM, R. W., 1996. Aerial photographyfor surveypurposeswith a high
resolution,small format, digital camera.PhotogrammetridcRecord 15(88): 575-587.

Peipg, J., 1995. Photogrammetriénvestigationof a 3000x 2000 pixel high resolutionstill video camera.
International Archivesof Photogrammetryand RemoteSensing 30(5W1): 36—39.

Peirg, J., 1997. High-resolutionCCD areaarray sensorsin digital close range photogrammetryVideo-
metricsV. SPIE3174:153-156.

PeTRAN, F., KRzYSTEK, P. and BoNiTz, P., 1996. CAD-basedreverseengineeringwith digital photogram-
metry. International Archivesof Photogrammetnand RemoteSensing 31(B5): 475-480.

Rosson S. and SHorTIs, M. R., 1998. Practicalinfluencesof geometricand radiometricimage quality
providedby different digital camerasystemsPhotogrammetridRecord 16(92): 225-248.

SHORTIS, M. R.andHALL, C. J.,1989.Networkdesignmethoddor close-rang@hotogrammetryAustralian
Journal of GeodesyPhotogrammetrnyand Surveying 50: 51-72.

SHoRTIS, M. R.andBEYER, H. A., 1996.Sensotechnologyfor digital photogrammetrandmachinevision.
Closerangephotogrammetrand machinevision (Ed. K. B. Atkinson).Whittles Publishing,Caithness.
371 pages:106-155.

SHORTIS, M. R. and BEYER, H. A, 1997. Calibration stability of the Kodak DCS420and 460 cameras.
VideometricsV. SPIE 3174:94-105.

SHORTIS, M. R. andGancl, G., 1997.Calibrationstability of digital still camerador industrialinspection.
International Conferenceon MeasuremenScience, Technologyand Practice Melbourne,Australia.
Pages245-250.

SHORTIS, M. R., CLARKE, T. A. and RoBsoN S., 1995. Practicaltestingof the precisionand accuracyof
targetimagecentringalgorithms.VideometricdV. SPIE 2598: 65-76.

SHORTIS, M. R., RoBson, S. and SHoRrT, T., 1996. Multiple focus calibration of a still video camera.
International Archivesof Photogrammetryand RemoteSensing 31(B5): 534-539.

STREILEIN, A. and GASCHEN, S., 1994. Comparisonof a S-VHS camcorderand a high-resolutionCCD-
camerafor usein architecturalphotogrammetrylbid., 30(5): 382—-389.

SUSSTRUNK, S. andHoLwm, J., 1995. Cameradatasheetfor pictorial electronicstill camerasCamerasand
Systemdor Electronic Photographyand Scientificimaging SPIE 2416:5-16.

TRINDER, J. C., 1989.Precisionof digital targetlocation.Photogrammetri&€ngineering& RemoteSensing
55(6): 883-886.

PhotogrammetridRecord 16(92),1998 185



SHorTIs etal. Principalpoint behaviourandcalibrationparametemodelsfor KodakDCS cameras
Resunie

On a largementadopfeles cameas numeiques dansles applications
dephotogrammtrie a courtedistanceet devisionrobotique.Etantdonnes
les avantagesde I'enregistrementsur place des images nunmeiques, la
facilité et la rapidité du traitementdesdonnes, les cama&as numeiques
sont devenuesapidementun équipementstandard pour les travaux de
mesuresen merologie industrielle et pour enregistrer les donnes du
patrimoine.Commedanstoute application marique, la précision quel’'on
peut obtenir sur les objets depend, entre autres, de la précision de
I'étalonnage de la caniga. Dans la grande majorite des applications
photogrammteiques il suffit d’'utiliser un modéde d’'étalonnageinvariant
dans le bloc, définissant les paramdres physiques éémentaires, et
notammentia position du point principal. Mais dansle cas descameas
Kodak DCS 420 et DCS 460, conaies pour un usagedomestiqueet les
reportages photographiqueson sait tres bien que cet étallonnage est
instabledu fait de leur réalisation, base sur le corps d’'une camea SLR
35mm.En particulier, desétudesanteaieuresont montrequela positiondu
point principal était sujettea des déplacementgpendantla manipulation
normaledela camea, provoque par le dispositifde montagedela matrice
desDTC (CCD). On decrit danscet article une recherchemerie sur la
tenuephysiquede la positiondu point principal etl'on comparedifférents
modédes des paraméres d’'étalonnage des canigas numeiques Kodak
DCS 420 et DCS460.

Zusammenfassung

Digitale Standkamerasverdenweitverbreitetfir Anwendungeim der
Nahphotogrammetrieund beim Maschinenseheradoptiert. Wegen der
Vorteile der Speicherungder digitalen Bilder in der Kamera und der
schnellen Datenverarbeitungwerden digitale Standkamerasrasch zur
Standardausistungfir MelRaufgabenwie z.B. die industrielle Metrologie
und die Aufzeichnungdes kulturellen Erbes. Wie fur jede metrische
Anwendunghangt die Genauigkeitder abgeleitetenObjektdatenneben
vielenanderenFaktorenvon der GenauigkeitKammerkalibrierungab. Fur
die meisten photogrammetrischerAnwendungenist die Nutzung des
einfachen Falls eines blockinvarianten Kalibrierungsmodells,das die
hauptsahlichen physikalischenParameter einschligglich der Lage des
Hauptpunktes umfaft, ausreichend. Kameras, die jedoch fir
Bildjournalistenund hauslichenGebrauchkonstruiertwurden,wie z.B. die
Kameras DCS420 und DCS640 von Kodak, sind fur ihre
Kalibrierungsinstabilita gut bekannt, weil ihre Konstruktion auf dem
KameraKkoper einer 35 mm SLR-Kamera beruht. Insbesonderehat
vorhergehendeForschung ergeben, da die Lage des Hauptpunktes
wahrend der normalenKamerabehandlungur Bewegungeigt, und zwar
wegender Mechanik,wie die CCD-Matrix befestigtist. Im Beitrag wird
Uber eine Untersuchungdes physikalischenVerhaltens der Lage des
Bildhauptpunkts  berichtet, und es werden verschiedene
Kalibrierungsparameter-Modellefur die StandkamerasDCS420 und
DCS640von Kodak verglichen.
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