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Abstract

Imaging systemsfoundedon current digital camera technologyare
finding widespreaduse in high precision measurementapplications. A
single digital CCD camera,or an array of suchcameras,equippedwith
ring lighting equipmentis commonlyused to acquire imagery of high
contrastretroreflectivetargetsplacedon the objectat discretelocationsto
signalizepointsof interest.Thepreciseand accuratemeasurementof each
imagedtarget location is a fundamentalrequirementif suitablemeasure-
ment tolerancesare to be obtained.Whilst suchsystemsare undoubtedly
capableof producingexcellentresults,thepractical effectsof target image
quality on the photogrammetricmeasurementprocessis in needof careful
consideration.Thispaperrevisitssomefundamentalsof theoptical imaging
of retrotargetsand investigatessomeabilities of a rangeof digital camera
systemsto provide images of retrotargets that are appropriate to the
measurementprocess.Someexperimentalresultsare presentedincluding
the imaging of planar arrays of differing sized retrotargets at differing
anglesandexposuresanda seriesof networkanalysesin whichthe levelof
target imageintensityhasbeenvaried systematically.
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INTRODUCTION

RECENT ADVANCES in digital imaging technologycoupledwith automationin data
processinghave,asa responseto marketforces,broughtdigital photogrammetryinto
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routinenon-expertusefor high precisionengineeringmeasurement(Brown andDold,
1995;Beyer,1995;BösemannandSinnreich,1994).End userexpectationsnot only
includerapid measurementandeaseof systemuse,but alsoroutineachievementof
given measurementspecifications.To achievethis latter aim, co-ordinatemeasure-
ment data must be assessedaccordingto their accuracy,precisionand reliability.
Precision(randomerror) and reliability (susceptibilityto grosserror) are routinely
assessedwithin the almost universally accepted bundle adjustment process
(Granshaw,1980). Assessmentof accuracyis however more difficult since it is
concernedwith systematicerror within the measurementvolumeandrequiresinde-
pendentspatialinformationof appropriateandverifiablequality. Theresultsof work
to evaluatephotogrammetricproceduresin associationwith establishedmetrological
procedureshavedemonstratedsignificantvariationsbetweenachievedaccuracyand
estimatedprecision(Shortis,Snow,andGoad,1995;FraserandShortis,1995).It is
evident that conformanceto standardsrequiresan internationalresearcheffort if a
specificationand the methodologynecessaryto verify accuracyunder practical
conditionsare to be achieved.

Theincreasingimportanceof dataquality verificationhasbeenbroughtaboutby
the ability of digital camerasystemsand retrotargetingmethodsto producehigh
quality spatialdatain a userfriendly mannerundera wide variety of industrialand
engineeringapplications.As it becomesincreasinglyacceptedthat the technologyis
mature,it is necessaryto ensurethat theprocessesof imagingretrotargetsontoCCD
arrays,targetimagemeasurementandthephotogrammetricmathematicalmodelused
are sufficiently understoodand appropriatelyimplemented.Whilst much work has
beencarriedout in this area,the contentof this paperis directedtowardsevaluating
someradiometricandgeometricimagequality issuesthatarelessfrequentlyreported
andhavea direct andsignificantbearingon the retrotargetmeasurementprocess.In
particular, the paperaims to highlight somepractical imaging performanceissues
within the photogrammetricprocesswhich are not yet adequatelyunderstoodor
mathematicallymodelled.Some effects of theselargely systematicprocessesare
describedwith referenceto testsconductedusing severaldifferent digital camera
systemsthat are representativeof currenttechnology.

SOME FUNDAMENTALS OF RETROTARGETIMAGING

It is not reasonablein a single paper to discussand evaluateall aspectsof
retrotargetimaging and target imagemeasurement.The discussionin this paperis
limited to severaldiscretekeyareasthatareconsideredimportantto thegeometryand
radiometryof retrotargetimaging and worthy of a more completeunderstanding.
Theseincludea questioningof the applicationof somebasicgeometricassumptions
anda brief considerationof lensaberrationsandlensdesign,andtheir effect on the
imagedshapeof retrotargetsat the centreandedgesof the field of view.

ReportedRetrotargetingSystemPerformance

The key to retrotargetimagemeasurementis the ability to estimatethe centre,
accordingto thegeometricalmodelof point to point projection,of eachimagedtarget
to subpixelaccuracy.Therearetwo tasksto beperformedin this process:recognition
andlocation.Recognitionof the targetimagesis requiredto unambiguouslyidentify
targetswithin a sceneandprovidea coarselocationfor a local window or boundary.
Thepreciselocationof thetargetimageis generallya secondprocessthatdetermines
the targetimagepositionwithin that local window or boundary.

Coarse locations can be determined using prior geometric knowledge of
exposurestation and target positions(Haggrén and Haajanen,1990), scanningthe
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entireimagebasedon a global threshold(Shortiset al., 1994)or searchingfor coded
targets(van den Heuvel et al., 1992). Once located,target image centrescan be
computedusing intensity weighted centroids(Trinder, 1989), edge detectionand
ellipse fitting (Zhou, 1986), or leastsquarestemplatematching(Baltsavias,1991).
Centroidsand ellipse fitting require the elimination of backgroundor noiseby the
definitionof a local threshold.Whilst templatematchingmaybe independentof high
contrasttargets,the techniquerequiresan initial templateto be defined and can
becomecomputationallyinefficientunlesstherearesufficientalgorithmicconstraints
(GruenandBaltsavias,1988).

Analysisby simulationcanpredicttheexpectedimagespaceprecisionof target
centringalgorithms.Most studiesare basedon assumptionsof grey scaleimagery,
random noise and minimum target spansof a few pixels. The consensusis that
centroidtype algorithmscanat bestrealizeimagespaceprecisionsof 1

2 0·01pixels
(Stantonet al., 1987).Therehavebeenmanytestsof imagespaceprecisionof target
centringalgorithms.Chosentestmethodsvary from singletargetmonitoring(Robson
et al., 1993) to multistationconvergentnetworkscomprisingmany targets(Shortis,
ClarkeandRobson,1995).Theconsensusis thatcentroidtypealgorithmscanrealize
objectspaceprecisionsequivalentto 1

2 0·02to 0·03pixels. Few testshaveincluded
verificationin theobjectspace.Of thosereported,objectspaceresultshavegenerally
beenlessfavourable,indicating imagingaccuraciesof 1

2 0·02to 0·07pixels (Fraser
and Shortis,1995). Whilst subpixel measurementtechniquesundoubtedlyproduce
goodresults,it is prudentto considerwhatfactorsaffectthegeometryandradiometry
of the digital imageintensitydistribution that is beingmeasured.

Potential of Optical Distortions for RetrotargetMeasurementError

In order to form a retrotargetimageat the CCD sensor,light must travel from
a suitableillumination source,be efficiently returnedby the targetmaterialand be
collectedandfocusedby the lenssystemonto the CCD array.The optical pathmay
include additionalglasswaresuchas a CCD cover glassor condenseroptics. In as
muchasthe illumination of retrotargets(Brown, 1984)andthe responsequalitiesof
CCD arraysarewell reported(ShortisandBeyer,1997),the influencesof theoptical
image formation processesare less well publishedin photogrammetricliterature.
Further,asdifferencesbetweenaccuracyandprecisionestimatesdemonstrate,whilst
establishedphotogrammetricproceduresare sufficient for most work, the continual
improvementof CCD sensorsystemsandtheautomationof datacaptureareexposing
someshortcomings.

(i) Somegeometricconsiderations.Photogrammetristshavetraditionally repre-
sentedthe imaging processby meansof collinearity and a parametricmodel to
representthe geometryof the camera.In accordancewith this tradition, it hasbeen
convenient,andwith qualifiedsuccess,to considerretrotargetsasa point source.This
considerationis generallytakento be a goodapproximationfor targetsthat produce
imagesof theorderof 3 pixels to 5 pixels in diameter.Sucha targetimagediameter
allows optimum subpixelmeasurementaccuracy.Larger target imagesrequire that
the significanceof perspectiveprojectionbe considered(Dold, 1996).According to
centralperspectiveprojection,a circular targetof diameterD alignedparallel to the
imageplanewill be imagedasa circle of diameterd (Fig. 1). If, however,that target
is alignedorthogonallyto its imageray, thenits imageddiameterwill be a function
of the angle v subtendedto the optical axis. Furthermore,its true centrewill not
coincidewith its imagedcentreas determinedby a centroidingprocedurebut will
have someradial offset, the size of which will dependupon the target diameter,
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FIG. 1. Simplified retrotargetimagegeometry.

magnificationandviewing angle.Thesituationis furthercomplicatedby thefact that
the targetcansubtenda rangeof anglesto theperspectivecentre,limited only by the
light returningcharacteristicsof the retroreflectivematerialselected(Brown, 1984).

(ii) Someoptical considerations.Given appropriatenearaxial lighting (Clarke
et al., 1995), moderndigital camerasystemsand an efficient network design,the
primary influenceson the suitability of retrotargetimagesto a given measurement
processare lens and CCD sensorperformance.From an optical standpoint,any
degradationin the imaging performanceof a lens is consideredas an optical
aberration.Aberrations include geometric distortion, coma, spherical aberration,
astigmatismandchromaticaberration.It is well establishedthateachof thesecanbe
mathematicallymodelled by Seidel equations(Arnold et al., 1971). Geometric
distortion is includedin the traditionalphotogrammetricmodel forming the basisof
the radial and tangential lens distortion parametersthat are applied within the
generallyacceptedphotogrammetriccameracalibrationmodel(Kraus,1993).Photo-
grammetristsdo not explicitly model the remaining aberrationsbut, as will be
demonstratedlater in this paper,they canhavea significantsystematiceffect on the
imagedshapeand thereforethe subpixelmeasurementof retrotargetimages.

The relativemagnitudeandcontributionto targetimagegeometryof eachlens
aberrationis dominatedby lens designcriteria. A typical effect of combinedlens
aberrationson a sharplyfocusedpoint sourceis shownin Fig. 2, wherea sectionA-A
has been drawn through the intensity profile of two point images.Due to the
mechanismsgiving rise to aberrations,suchvariationswill alsobe dependenton the
lensapertureusedandthewavelength(or wavelengths)of the light usedto form the
point image.It must also be rememberedthat any imageunsharpnessarising from
incorrect focusingor insufficient depthof field can also be expectedto contribute
significantgeometricand radiometricchange.
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FIG. 2. Lenspointspreadfunctionat theformatcentreandits changein shapewith radialdistanceto theedge
of thefield of view.

Photogrammetristshave generally made use of rectilinear lenses that are
designedto reproducestraightlines in the objectspaceasstraightlines in the image
spaceaccordingto the function: radial distance,r 5 f tanv (Fig. 3). Necessitatedby
availabledigital cameradesignsand the relatively small imageformat sizeof CCD
arrays,it is commonto uselensesof short focal length for digital photogrammetric
work. However,shortfocuslensdesignscanonly providea small clearancebetween
the vertex of the rear element and the focal plane. This limitation can present
particular problemswith camerasbasedupon 35mm SLR style bayonetmounts
wherelensdesignis influencedby thenecessityto allow for a mirror viewing system
betweenthe rearelementsof the lensand the imageplane.In suchcases,lensesof
retrofocusdesignare employed.This type of designshifts the front and rear nodal
planesbackwardsto allow a largerphysicalseparationbetweenthe lensrearelement
and the image plane, thereby providing sufficient back focal distancefor mirror
clearance.Unfortunately, retrofocus lens designstypically have larger geometric
distortionsthan their more symmetricalshort focus counterpartsand may contain
very steeplycurvedelementsand high refractive index glass.This combinationof
designcriteriacanalsomakesuchconstructionsproneto flare.Additionally, uniform
lensperformancein thecornersof the format is difficult to achievein practicedueto
difficulties of centringthe elementsin assembly(Ray, 1994).

One possiblealternativeis to considerthe useof so called fisheyeand quasi-
fisheyelenses(Welford, 1974).In suchdesigns,theability to recordstraightlines in
the image space is sacrificed for improved image illumination. Whilst several
methodsof projectionarepossible,that mostcommonlyfound is baseduponradial
distance,r 5 f v (Fig. 3). Sincethedesignedchangein imaginggeometryis a function
of imageradius,it is possibleto mathematicallymodelthe imaginggeometryof the
fisheyeprojectionwith establishedradial lens calibrationparameters.As a point of
interest,the term fisheyeis usedwherethe imagecircle is wholly within the image
format (a) whilst quasi-fisheyelensesgenerallyachievea 180° field of view across
their designedimageformat diagonal(b).
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FIG. 3. Conventionalrectilinearprojectionanda fisheyelensprojection.

One final optical considerationis the effect of additionalglass,suchas CCD
coverglasses.Thesemay be unflat, non-orthogonalto the optical axis or both. The
inclusionof suchadditionalelementsin theopticalsystemis likely to resultin image
shifts andan increasein aberration,particularly coma.

CCD ARRAYS AND DIGITAL CAMERA SYSTEMS

Digital camerasystemsin common use for photogrammetricmeasurement
purposesincludethosefrom morebroadbasedmanufacturerssuchasKodak,Pulnix,
SonyandHitachi.Suchcamerasareintendedfor thegeneralmarket,photojournalism
and,to a lesserextent,scientificapplicationssuchasmedicineandmachinevision.
Also availablearepurposebuilt photogrammetriccamerasfrom, for example,Leica/
GSI, Aicon, Rollei and Zeiss.Primary imaging featuresconnectedwith selectinga
digital cameraappropriateto retrotargetimageacquisitionare:CCD characteristics,
lensmount,mechanicalstability, methodof datatransfer,the ability to synchronize
to an externalelectronicflashand,dependingon application,the ability to synchro-
nize imagecapturebetweenmultiple cameras.

CCD Arrays and Digital Data Transfer

The fundamentalfunction of any solid statesensoris the absorptionof light
photonsby the sensormaterialandsubsequentconversioninto an electric signal in
the form of charge.Chargetransferandreadout areimplementedin the form of the
chargecoupleddeviceor CCD.Currentimagingtechnologiesfor mainstreamusesare
centredaroundinterline and frame transferCCD arraysand the increasinglymore
common progressivescan technology.Specialistcamerascan also utilize micro-
scanningand/or macroscanningwhere the light sensitive array is incrementally
movedto effectively increaseresolutionor imageformat size.This paperis limited
to a discussionof frametransferandprogressivescanmodelsutilizing digital output.
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(i) Typesof CCD sensor.CCD sensorshavedifferent typesof logical organiza-
tion for imagingandreadout. FrametransferCCD sensorshaveimagingareasthat
are composedonly of sensorelements.In contrastto an interline sensor,the same
sensorelementsareusedfor chargeaccumulationandfor chargetransportation.The
light sensitiveportion of the arraymust thereforebe maskedeithermechanicallyor
electronicallyduring the columnwisechargetransferprocess.Frametransfersensors
are commonfor high resolutionand so called scientific cameras,whilst standard
closedcircuit televisionandvideocamerasaredominatedby interlinetransfersensors
which aremorecompatiblewith video recordingsystems.

Traditional CCD camerasare only capableof capturingone field, or half the
vertical information, per shutterevent becausethe scan function breaksthe inte-
grationperiodinto two sequentialfield scans.In dynamicimagecapture,by the time
the secondfield of information is storedandscanned,the subjectmay havemoved.
The resultis a ghostingor blurring effectoncethe two scanperiodsarecombinedto
createthe whole, interlacedpicture.This is successfullyeliminatedwith progressive
scanningwheretheimageinformationis accumulatedsimultaneouslyandthenoutput
either line by line or sequentially.The result is a non-interlacedimage with full
verticalandhorizontalresolutioncapturedin asinglerapidshutterevent(Hori, 1995).
The disadvantageof this type of camerais that imageacquisitionat field rate is not
possible,but this is balancedagainstthe clearadvantageof framerateimageswhich
are free of motion blur. Both the Kodak ES1.0 and Pulnix TM9701 cameras,
evaluatedlater in this paper,utilize progressivescantechnology.

Consistentandregularimagegeometryis a prerequisiterequirementfor accurate
image measurement.Commonly, transferfrom the CCD array to a frame grabber
requiresananalogueto digital (A/D) converter.In suchcases,timing errorsbetween
CCD array and A/D convertercan give rise to synchronizationerror or line jitter
(RaynorandSeitz,1990).Suchproblemsareeliminatedin digital cameraswherethe
A/D converteris matchedto theCCD arrayanddrivenby thesametiming generator.
In a digital camera,outputto theuseris typically providedvia a digital interface.One
suchexampleis theRS422high speedparallelinterfacewhich requiresa compatible
interfaceboard in the host computer.Digital transmissionerrors will result in an
obviousmissingframe,or anoffsetframebeingloadedinto theimagememory,rather
thanmoresubtlegeometricerrors.

(ii) Someopto-electronicconsiderations.Themechanicalandelectroniccharac-
teristicsof the CCD sensorandits associatedelectronicsdeterminethe fidelity with
which the imageformedby theoptical systemis convertedinto a computerreadable
format.Many of the issuesconnectedwith CCDsandthe electronicsusedin digital
camerasarebeyondthe scopeof this paper,which is limited to a brief consideration
of the effect of pixel geometry,readout noiseandbloomingwhich areparticularly
apparentin someof the camerasystemstested.The readerseekingmore general
detail is referredtowardsShortisandBeyer (1996).

CCD sensorsare fabricatedby depositionof a seriesof layerson the silicon
substrate.The geometryof the depositedlayers is controlledby photolithography,
whichusesmaskspreparedatamuchlargersizethanthefinishedproductandapplied
usingoptical or photographicreductiontechniques.The limit of geometricaccuracy
andprecisionof CCD sensorscanbededucedfrom theaccuracyandprecisionof the
lithographic process.The current generationof microprocessorsis fabricated to
0·3mm to 0·5mm designrules, which require alignmentaccuraciesof better than
0·1mm. This alignmentaccuracyis supportedby Pol et al. (1987) who suggestthe
possibility of local systematiceffects of 1/60th and an r.m.s. error of 1/100th of
thesensorelementspacingon an8mm squareformat.It couldbeexpectedthat these
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1/60thto 1/100thlevelsof fabricationerrorwould alsohold for largerformatsensors
due to the natureof the lithographyprocess.

A furthercriterion is thatof a matchbetweenthe resolvingpowerof theoptical
systemandthat of the CCD array.Any mismatchwill give rise either to aliasingif
the arrayhasgreaterresolutionthanthe lensor, in the conversecase,a generalloss
of resolutionwill result (Lenz andFritsch,1988).It is importantto notethat,dueto
varying CCD construction,resultingin differencesin pixel pitch andthe percentage
light sensitiveareaor fill factor of eachpixel, sensorresolvingpower may not be
homogeneousin the x andy directions.Suchvariationscanbe expectedto havean
influenceon the geometricshapeand intensityprofile of retrotargetimages.

Following practical experience,the predominantconcernsin this paper are
readouteffectsandblooming.Theseeffectsareapparentwhen too much light falls
onto a sensorelementor groupof sensorelementsandthe finite chargecapacityof
the photosensitivesitesis approachedor exceeded.The excesschargethen spreads
into neighbouringelements,falsely increasingthe apparentimage intensity. The
effect is known as blooming and is most commonly associatedwith intenselight
sources,suchasthe responseof retroreflectivetargetsto an electronicflash.Bloom-
ing canbe readily detectedby the excessspreadof suchlight sourcesin the image,
or imagetrails left by excesschargeduring readout.

Although blooming cannot be totally eliminated from CCD sensors,the
inclusion of so called antibloomingdrains has dramatically reducedthe problem.
Antiblooming structures typically use additional electrodesand channel stops
betweenthe photosensitivesiteson the arrayto drain off excesscharge(abovea set
thresholdpotential) into the basesubstratematerial of the CCD. The additional
circuitry reducesthe light sensitiveareaof eachpixel, typically from 100 per cent
with no antibloomingto approximately70 per cent with antibloomingfor a frame
transfersensor.As it is easierto preventblooming acrosscolumnswith the drain
structures,bloomingusuallyoccurswithin columnsfirst.

Blooming has an interim stagecharacterizedby retrotargetimagesexhibiting
small “tails” alignedin thereadout directionwithin columns.Thetails maybein the
verticalor horizontaldirectionin theimage,dependingon thecolumndirectionof the
CCD array.This readout effect is causedby the centreof the retrotarget,the most
intense part of the image, blooming and the excesscharge spilling over into
neighbouringsensorelements,initially in the column direction.At higher illumina-
tions, the more generalcaseof blooming ensues,in which the excesschargeis so
greatasto affectsurroundingsensorelementsin all directions.However,asis shown
in Fig. 6, evenin casesof dramaticbloomingtheprincipaleffect remainsin the read
out direction,correspondingto columnsin the CCD architecture.

Whereasinitial attemptsat antibloomingcould control illumination levelsonly
up to 100timesthesaturationexposure,the limit hasrisensteadilyto attainlevelsof
over 10000 times the saturationlevel of the sensorin current consumerproducts
(Kodak, 1995). Unfortunately,antiblooming structuresoccupy areason the CCD
surfacewhich would otherwisebe light sensitive,hencereducing fill factor and
compromisingsensorresolution.Such problemscan be addressedby the use of
microlensarrays.Thesearraysaredesignedto collect themajority of the light falling
on the sensorand focusingit onto the light sensitiveareasof the pixels.

AvailableDigital CameraSystems

Camerasystemsinvestigatedfor this paperwere selectedaccordingto avail-
ability and include a monochromeKodak DCS420,MegaPlus1.6IAB, MegaPlus
ES1.0, Pulnix TM9701 and a GSI INCA camerawhich is basedon the Kodak
MegaPlus 4.2I camera body. The camerasare drawn from the three principal
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TABLE I. Manufacturers’figures,whereavailable,for thecamerastested.

Activeimage
Pixel size(mm) dimensions Max.

Imagesize (Pixel fill %) (mm) Signal/ frame Min.
noise Equiv. rate exposure

Camera Rows Cols. Width Height Width Height (dB) ISO (fps) (s)

Pulnix
TM9701 768 484 11·6 13·6 8·91 6·58 50 — 30 1/16000
MegaPlus 30(T) 1/8000

ES1.0 1008 1018 9(60) 9 (60) 9·07 9·16 56 400–1500 15(S) (1/16000)
MegaPlus

1.6I 9 (100) 9 (100) 13·8 9·2 65 100–1500 5·46 1/1000MegaPlus 1536 1024 9 (70) 9 (100)
1.6IAB
DCS420 9 9 13·8 9·2 — 100–800 — 1/8000

MegaPlus
4.2I 2029 2044 9(100) 9 (100) 18·5 18·5 65 100–1500 2·1 1/1000

categoriesof domestic/photojournalism,scientific/tetheredcamerasandpurposebuilt
photogrammetriccameras.Somepertinentdetailsfrom their publishedspecifications
aregiven in Table I.

TheKodakDCS420is a self-containedcameraintendedfor photojournalismand
non-specialistphotography utilizing storage based on flash memory cards or
PCMCIA hard disk drives and an integral power supply. The cameraallows a
predefinednumberof imagesto be storedper card which can then be downloaded
onto a host computerwhenconvenient.

The Kodak MegaPlus1.6I, MegaPlusES1.0,andPulnix TM9701 belongto the
scientificcategory.The Kodak MegaPlus1.6I employsa frametransferCCD array,
whilst the othersutilize progressivescanarchitecture.All of thesecamerasmustbe
directly linked to a computersystemthat, if by wire, mustbe within a radiusof no
morethanapproximately10m. The Kodak ES1.0employsa twin tap CCD arrayto
facilitate rapid imageto host transfersof up to 30 framesper second.

The mostrecentadvancein photogrammetriccameradesignis the introduction
of “intelligent” cameras(Dold, 1998).TheGSI INCA series,asusedin theV-STARS
industrial metrology systems,includesan onboardprocessorwhich searcheseach
imageasit is captured.Usinga LAN interface,the local processorcancommunicate
the statusof an image to the host computerimmediately,identifying for example
electronicflashfailures,lack of codedtargets,or lack of anorientationdevice.Rather
than alwaystransmittingthe full image,the cameracan senda statusmessage,the
location of a hand held probe or the entire image. Whilst such systemsoffer
significantbenefits,particularly towardsautomation,the primary considerationwith
sucha cameramust still be its imagingperformance.

AvailableLensSystems

As alreadynoted, the choice of an “off the shelf” digital camerasystemcan
placerestrictionson the availability of suitableoptics.In particular,the small image
format of affordableCCD arraysrequirelensesof short focal length to achievethe
wide anglesof view common in efficient photogrammetricnetwork designs.The
camerasavailable for the testscarried out in this paperuse either “C” mount or
conventional35mm SLR camerabayonetlensmounts.“C” mount lensestendto be
purposemadefor the burgeoningCCD surveillancecamerasystemsmarket.As a
consequence,appropriatewell constructedmanualfixed focuslensestendto bein the
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TABLE II. Somecharacteristicsof thecameraandlenscombinationsused.

Field of view(degrees)
Equiv.35mm Lens Lens

Camera Lens Horizontal Vertical Diagonal focal length construction mount

TM9701 9mm f/1·4
Fujinon 52·3 40·2 63·6 34 Retrofocus C

10mmf/1·6
ES1.0 Kern- 48·8 49·2 65·6 33 Quasi- C

Paillard symmetrical

12.5mm
ES1.0 f/1·8 41·8 40·2 54·5 41 Retrofocus C

Fujinon
15mmf/3·5

1.6I AB Nikkor 49·4 34·1 57·8 38 Retrofocus Nikon F
16mm f/2·8

1.6I AB Nikkor 46·6 32·0 54·8 41 Fisheye Nikon F
20mm f/2·8

1.6I AB Nikkor 38·0 25·8 45·0 51 Retrofocus Nikon F
20mm f/2·8

DCS420 Nikkor
INCA 17mm f/3·5 56·6 56·8 74·7 28 Not confirmed Custom

minority. Available 35mm bayonetmount lensesof short enoughfocal length to
obtainsufficientobjectcoveragewith CCD imageformatsareof retrofocuswide and
super-wideangleconstructionin orderto allow for themirror box viewing assembly
incorporatedwithin 35mm SLR cameras.Additional but moreunusualpossibilities
areofferedby fisheyeandquasi-fisheyelenses.Somepertinentdetailsconcerningthe
lensesavailableto the authorsaregiven in Table II.

EXPERIMENTAL WORK

For convenience,practicaltestshavebeendivided accordingto thoserestricted
to two dimensional(2D) measurementof carefully alignedsingle imagesand those
makinguseof imagenetworksof threedimensional(3D) targetarrays.Singleimage
experimentsincludeanevaluationof targetimageresponseandgeometricuniformity
with referenceto a planar array of differing sized retrotargetsunder a variety of
illumination conditions.Work in objectspacewasconfinedto looking at theeffectof
variationin targetimagequalityongeometricperformancewith respectto a3D target
arrayimagedundera varietyof exposureconditions.In thespecificcaseof theKodak
MegaPlus1.6I camera,the performanceof a conventionalrectilinearlens hasbeen
comparedwith that of a quasi-fisheyelensof similar focal length.

ImageSpaceQuality Tests

All imagespacequality testsconsistedof imaging a planararray of differing
sizedretrotargets.The useof suchan arrayallowedthe testingof both targetshape
andexposureuniformity overa rangeof lensapertures,exposuretimesandillumina-
tion types.The test array at City University was locatedon a blackenedwall and
comprised12 columnsof four different sizedtargets2·3mm, 3·2mm, 5·3mm and
8·8mm in diameter.Given appropriatecameraalignmentandrotations,the arrayof
targetscould be arrangedto provide imagesacrossthe format diagonalof eachlens
and sensorcombination.Camerastestedusing this array included the MegaPlus
1.6IAB, MegaPlusES1.0 and a Nikon FE 35 mm SLR film camera.The target
configurationused at the University of Melbourne was imaged with the Pulnix

234 PhotogrammetricRecord, 16(92),1998



ROBSON andSHORTIS. Practicalinfluencesof geometricandradiometricimagequality

TM9701,KodakDCS420andGSI INCA cameras.It includedanarrayof 6·4mm and
9·5mm diametertargetsarrangedon a baseboardas well as other discretetargets
locatedon a laboratorywall.

During all testsit wasparamountthateachlenswascorrectlyfocused.This was
achievedby openingup the lensapertureto providean overexposedimagein which
retrotargetsappearedas grossly enlarged discs. The lens was then focused to
minimize the sizeof thesetargetimages.

Illumination for eachtestwasprovidedby a singleSunPackDX12R electronic
ring flash.Whenequippedwith anexternalpowerpack,this unit is ableto recycleon
low power at better than one flash per second,reducingto a 3s interval between
flashesat full power.Stockerand Yale high frequencyfluorescentring lights were
usedwith the Pulnix TM9701 and Kodak ES1.0progressivescancameras.These
units are able to provide a continuousand variable ring illumination suitable for
retrotargetuseat closerangewhen it is necessaryto captureimagesat frame rates
greaterthan thoseattainableby low cost electronicflashunits.

In order to enablea betterappreciationof the distinctionbetweenCCD effects
and thoseof the differing lensestested,a comparisonusing photographicfilm was
also conducted.This test was providedby imaging the targetarray with a 35mm
Nikon FE cameraloadedwith KodakTMAX 100film andfitted with thesamelenses
asthoseusedwith the“F” mountKodakMegaPluscamera.Convenientcomparisons
couldthenbemadeby scanningthe35mm film in a LeicaDSW100scanner.A pixel
spacingof 15·0mm wasusedfor all imagescanning.

(i) Targetimageshapetests.This first seriesof testswasconductedto ascertain
the performanceof the varioussystemsin imaging retrotargetsof varioussizesand
at differing angles.Having determineda correctexposurelevel, variationsin illumi-
nation intensity, lens apertureand exposuretime were made in an attempt to
introducereadoutand blooming in eachsystem.Whilst many megabytesof image
datawerecaptured,resultscanbesummarizedwith referenceto a few specificcases.

A qualitative example of some of the variations in target shapeand size
predictedby perspectiveprojectionaregivenin Fig. 4. Both imagesweretakenat the
Universityof Melbournewith a Pulnix TM9701cameraequippedwith a Stockerand
Yale ring light. For the first imagein this figure, the camerawaspositionedso that
its imageplanewasapproximatelyparallel to the targetarray,whilst for the second
the array was rotated to provide an angle of 50°. The ellipsoidal shapeof the
oversizedtargetsin the secondtilted imageis readily apparent.

Imagestakenfrom the centreof the format of a Pulnix
TM9701 fitted with a 9 mm f/1·4 Fujinon lens.

FIG. 4. Demonstrationof changein targetshapeandsizewith differing angle.
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FIG. 5. Imagesof anarrayof retrotargetsof differing sizemadeontophotographicfilm andaCCDarraywith
thesame15mm Nikkor lens.

Fig. 5 showssmall portionsextractedfrom imagesof anarrayof retrotargetsof
differing size madeonto Kodak TMAX 100 film and a Kodak MegaPlus1.6IAB
sensorwith thesame15mm rectilinearNikkor lens.Thedifferencesin scalearedue
to the scanner’s15·0mm pixel size as opposedto the 9·0mm of the CCD array.
Differencesin tonality are attributableto the different image formation processes.
Whatareapparent,especiallyfor smalltargets,arethesystematicdifferencesin target
imageshapewith increasingradialdistance.Given that the imageplanewasapprox-
imately aligned to the target array in eachcase,such variationscannotbe due to
perspectivegeometry considerationsbut appearcharacteristicof lens aberration.
A similar analysiswith a 20mm Nikkor lens yielded similar but lessexaggerated
resultsconsistentwith the expectationfrom a lens with a less extremeretrofocus
design.

Blooming and readoutcan presenta serioussourceof error if not carefully
controlled.Fig. 6 demonstratesa severecaseof blooming from a CCD array with
near100 per centpixel fill factor.Sucha severeresultwasachievedby openingthe
lensapertureby aboutfour stopsabovethat requiredto achieveoptimumretrotarget
images.Significantly, blooming was still readily apparentat only two stopsabove
optimumexposure.The imagein Fig. 7 wastakenwith a MegaPlus1.6IAB camera.
This camerais specifiedwith anantibloomingCCD arraywhich, at theexpenseof a
60 per centpixel fill factor in the vertical direction,wasfound to be very effective.
To provideany evidenceof bloomingwith this systemit wasnecessaryto movethe
camerato within 1m of the targetarray,openthe lensapertureto f/2·8 andset the
DX12R flash to full power. Suchan exposuresetting is somenine stopsover that
requiredfor optimum exposureand normally only usedwhen imaging the largest
retrotargetsin this testat distancesof over20m. Thehalojust visible at theperiphery
of this imageis attributableto flarecausedby thediameterof thering flashunit being
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FIG. 6. An extremecaseof bloomingproducedfrom a CCD arraywith 100percentpixel fill.

insufficientto allow its positioningbehindthe largefront lenselementof the 15mm
Nikkor lens.

(ii) Exposureuniformity tests.Underpracticalconditions,it is commonpractice
to vary both lens apertureand ring light illumination to obtain correctly exposed
retrotargetimages.Imageswere takento investigateany variationsin target image
geometrywhenlensapertureandelectronicshutterdurationwerevariedin sympathy
to achieveconsistentexposure.Table IIIa containsdatapertinentto a set of small
sub-imagescapturedwith a KodakMegaPlusES1.0camerafitted with a 10mm f/1·6
Kern Paillard“C” mountlens,whilst TableIIIb representssimilar dataacquiredwith
a 12·5mm f/1·4 “C” mount Fujinon lens. The former lens was chosenas it is
principally a shortfocusdesignandconsequentlymight beexpectedto havedifferent
aberrationcharacteristicsto the retrofocusFujinon lens. Unfortunately,the limited
electronicshuttervariationspossiblewith theES1.0cameraonly alloweda threestop
aperturerangeto beaccommodatedfor eachavailablelevelof illumination.However,
it is evidentfrom both setsof resultsthat, whilst targetimagesat the centreof the
field of view are largely unaffectedby aperturevariation, thoseat the format edges
vary considerably.The variationsseenareattributableto changesin lensaberration
broughtaboutby the stoppingof paraxialrays as the lens apertureis reduced.The
effectof changingtheelectronicshuttertime is not thoughtto havegiven rise to any
of the observedchangessinceall shapechangesdemonstratedistinct radial patterns
that arealignedto the centreof the imageformat.

ObjectSpaceQuality Tests

The simple qualitative2D analysiscarriedout in the previoussectiondemon-
stratessignificantvariation in targetimagequality that appearsconsistentwith that
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FIG. 7. Probableonsetof bloomingin anantibloomingarray.

expectedfrom lensaberrationeffects.In order to evaluatethe practicalsignificance
of someof thesefactors,a numberof networkadjustmentshavebeenconductedwith
eachcamerasystem.For this initial investigationexposurewasvaried,by meansof
electronic flash output, to produce images that contain underexposed,correctly
exposedandsaturatedtargets.

Both City University and the University of Melbournehaveestablishedretro-
target calibration ranges.The current array at City consistsof the corner of a
laboratory occupying approximately33333m that has been painted matt black.
Some170 retrotargets,3·2mm in diameter,are attachedto the laboratorywall and
ceiling on specially shapedwedgessuch that all targetsare directed towards a
notionalcamerastationat theoppositecornerof the laboratory.A typical calibration
procedure,as replicatedin thesetests, is to take 12 imagesfrom six convergent
stations with a 90° roll at each station. Images are then measuredand a self
calibrating bundle adjustmentcomputed,a datum being definedby the methodof
innerconstraints,usinga researchorientedvision metrologypackageknownasVMS,
developedjointly by the City University and the University of Melbourne.Two
different targetarraysat Melbournewereusedfor thesetests.The first consistedof
140 targetsattachedto a wall andon standsto providedepth,whilst the secondwas
composedof 30 targets located on a mobile 0·630·630·8m calibration trolley.
Targetdiametersfor the Melbournearraysare9·5mm and6·4mm in the caseof the
array usedfor the INCA and DCS camerasand 5mm in diameterfor the Pulnix
TM9701 cameranetworks.The GSI V-Starspackagewasusedto processthe INCA
andDCS imagedata,whilst VMS wasusedfor the Pulnix imagenetwork.
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TABLE IIIa. Variation in bothshutterandapertureto maintaina constantexposure.KodakMegaPlusES1.0
camerawith 10mm f/1·6 Kern-Paillard“C” mountlens.

Background
Shutter image Maximumtarget Targetimage Targetimage

(ms) f/stop intensity imageintensity (centre) (corner)

4 1·6 3 255
8 2·0 2 255

16 2·8 2 255
32 4·0 3 255

TABLE IIIb. Variation in bothshutterandapertureto maintaina constantexposure.KodakMegaPlusES1.0
camerawith 12·5mm f/1·4 “C” mountFujinon lens.

Background
Shutter image Maximumtarget Targetimage Targetimage

(ms) f/stop intensity imageintensity (centre) (corner)

4 1·4 3 255(196corner)
8 2·0 4 255

16 2·8 3 255
32 4·0 2 255

(i) Lensdistortion curvesand lens designcharacteristics.Before analysingin
detail results from the differing networks, it is useful to considerthe radial and
tangentiallensdistortioncurvesgeneratedfor eachcameraandlenscombination.Fig.
8 clearly demonstratesthreedistinct families of curves.The first, with minimal and
very similar distortion,belongto the “F” mountretrofocusdesignlenses.Secondin
magnitudeare thosefrom the “C” mount lenses.In this set the retrofocus12·5mm

FIG. 8. Radiallensdistortionprofilesfor all evaluatedcameraandlenscombinations.
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FIG. 9. Tangentiallensdistortionprofilesfor all evaluatedcameraandlenscombinations.

and 9mm Fujinon optics have similar shapedcurves,whilst that from the more
symmetrical10mm Kern-Paillardlensdemonstratesgreaterlensdistortioncorrection
towardsthe edgeof the imageformat. The final curve is computedfrom the 16mm
quasi-fisheyelens imageryanddemonstratesgreatly increasedradial distortion.

Fig. 9 presentsthe tangential lens distortion information computedfor each
network. In this casetwo distinct groupsare paramountwith all “F” mount lenses
demonstratingconsistentand lower distortion than thosebasedon the “C” mount.
Again this should be expectedas tangentiallens distortion is attributableto lens
elementmisalignmentand it is likely that alignment of the smaller “C” mount
elementsis both morecritical andmoredifficult to achieve.

(ii) Summaryof networkadjustments.A subsetof resultsfrom eachcalibration
seriesis summarizedin TablesIV to XI. For eachnetworkthemeancamerato object
distancewas computedand usedin conjunctionwith the physical diameterof the
retrotargetsin thecalibrationarrayto computepredictedtargetimagediametersbased
on theassumptionof collinearity.In everycasethis diameterwasdesignedto be less
than that demonstratedby Dold (1998) as giving rise to significant geometric

TABLE IV. Summaryof networkadjustmentfor Kodak ES1·0camerawith Kern-Paillard10mm f/1·6 “C”
mountlens.

Mean
Computed imaged

Max. target target Target Target R.m.s. Max. Object
Flash grey diameter diameter image image Sigma image image space
setting f/stop value (pixels) (pixels) centre edge zero (mm) residual precision

1 5·4 1·02 0·47 3·30 1;41000
1/4 11 255 1·1 4·6 1·26 0·57 4·12 1;34000
1/16 3·5 1·18 0·54 3·45 1;36500
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TABLE V. Summaryof networkadjustmentfor KodakES1.0camerawith 12·5mm f/1·4“C” mountFujinon
lens.

Mean
Computed imaged

Max. target target Target Target R.m.s. Max. Object
Flash grey diameter diameter image image Sigma image image space
setting f/stop value (pixels) (pixels) centre edge zero (mm) residual precision

1 5·8 0·81 0·37 2·45 1;59500
1/4 11 255 1.4 4·9 1·07 0·49 2·86 1;45000
1/16 3·9 1·01 0·46 2·55 1;47500

TABLE VI. Summaryof networkadjustmentfor KodakMegaPlus1.6I camerawith 15mm f/3·5 “F” mount
Nikkor rectilinearlens.

Mean
Computed imaged

Max. target target Target Target R.m.s. Max. Object
Flash grey diameter diameter image image Sigma image image space
setting f/stop value (pixels) (pixels) centre edge zero (mm) residual precision

1 255 7·2 1·01 0·46 3·08 1;52500
1/4 11 255 1·7 5·5 1·01 0·46 2·27 1;52500
1/16 212 3·9 0·81 0·37 2·06 1;61500

TABLE VII. Summaryof networkadjustmentfor KodakMegaPlus1.6I camerawith 16mm f/2·8 “F” mount
Nikkor quasi-fisheyelens.

Mean
Computed imaged

Max. target target Target Target R.m.s. Max. Object
Flash grey diameter diameter image image Sigma image image space
setting f/stop value (pixels) (pixels) centre edge zero (mm) residual precision

1 255 8·5 0·79 0·36 2·49 1;74500
1/4 11 255 1·8 5·9 0·83 0·38 1·93 1;71000
1/16 223 4·6 0·65 0·29 1·86 1;83000

TABLE VIII. Summaryof networkadjustmentfor aKodakMegaPlus1.6Icamerawith 20mmf/2·8“F” mount
Nikkor rectilinearlens(City Universitynetwork).

Mean
Computed imaged

Max. target target Target Target R.m.s. Max. Object
Flash grey diameter diameter image image Sigma image image space
setting f/stop value (pixels) (pixels) centre edge zero (mm) residual precision

1 255 8·2 1·10 0·49 2·99 1;46000
1/4 11 255 2·2 5·6 1·03 0·46 2·76 1;49500
1/16 252 4·2 0·95 0·42 1·89 1;53500

TABLE IX. Summaryof networkadjustmentfor aKodakDCS420camerawith 20mmf/2·8“F” mountNikkor
lens(Universityof Melbournenetwork)computedwith GSI V-Stars.

Mean
Computed imaged

Max. Back- target target Typical R.m.s. Rejected Object
Flash grey ground diameter diameter target image target space
setting f/stop value level (pixels) (pixels) images (mm) images precision

1 8 255 40 3·7 6·1,9·5 0·46 19 1;16000
1/4 8 255 27 and 5·8,8·8 0·16 11 1;48000
1/16 16 175 25 7·4 5·4,7·8 0·21 10 1;34000
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TABLE X. Summaryof networkadjustmentfor an INCA Megaplus4.2i Camerawith Japanese17mm f/3·5
fixed focuslens(Universityof Melbournenetwork)computedwith GSI V-Stars.

Mean
Computed imaged

Max. Back- target target Typical R.m.s. Rejected Object
Flash grey ground diameter diameter target image target space
setting f/stop value level (pixels) (pixels) images (mm) images precision

2 3·5 255 7 4·7 12·3,18·6 0·96 75 1;23500
0 3·5 255 3 and 7·2,14·2 0·24 35 1;100000
0 5·6 255 2 9·4 6·5,12·8 0·16 11 1;133000
0 8 190 2 ———— 0·19 5 1;133000

TABLE XI. Summaryof networkadjustmentfor anPulnix9701ProgressiveScanCamerawith aFujinon9mm
f/1·4 lens(Universityof Melbournenetwork).

Mean
Computed imaged

Max. Back- target target Typical R.m.s. Object
grey ground diameter diameter target image space

f/stop value level (pixels) (pixels) images (mm) precision

2·8 255 12 4·5 1·16 1;9000
5·6 255 11 2·8 4·1 1·42 1;6000

11 170 11 3·1 0·80 1;18000

differencesbetweenthe centroid of imaged ellipsoids and the true optical target
centre.

Therearetwo majordifferencesbetweennetworkadjustmentscarriedoutatCity
and thoseat Melbourne.Firstly, the City testfield is inherentlymore threedimen-
sional than thoseusedat Melbournein that targetsare spreadout over a rangeof
distancesin all threedimensionsratherthanat a pair of discretedepths.Secondly,the
targetdiametersusedat City aredesignedto be of the sameorderas the resolution
limit of the camerasystemsin order to minimize geometric effects. Those at
Melbourneare larger and are probably representativeof typical diametersusedby
commercialsystemsfor practicalapplications.It shouldbenotedthat thecollinearity
basedcomputationof targetsizeassumesonly a mathematicalpoint to point projec-
tion. The imagingprocessgenerallygivesrise to a spreadingof light with the result
that all imagedtargetdiametersareconsiderablylargerthanthosecomputed.This is
especiallytrue of thoseimagesfrom the City networkswhere imagedtarget size
demonstratesconsiderablevariation with electronic flash output. Further, by
analysingtargetimagesfrom eachof theCity networks,it is possibleto detectdistinct
asymmetriesin target imagegeometrythat vary with radial distanceand lens type.
Someof thesevariationsare demonstratedin TablesIV throughto VIII under the
columnheading“targetimageedge”.Similar variationsin theMelbourneimageryare
alsoapparentbut areof lower magnitudeprovidedthat bloomingandreadoutnoise
remaininsignificant.

Tables IV and V summarizeadjustmentscarried out with the Kodak ES1.0
camerain single tap modewith 10mm and12·5mm lensesrespectively.With both
of theseconfigurations,imagedtargetdiameteris a function of exposuresincethe
small targetsarenot resolvablewithout appropriateretrotargetillumination. In both
of these tables, it is readily apparentthat edge targets exhibit significant and
systematicgeometricdifferencesattributableto opticalaberration.Theedgetargetsin
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TableIV havebeenextractedfrom the top right quadrantof the image,whilst those
in Table V havebeentaken from the top left. Within eachtable all networksand
observationsaresimilar with ana priori variancefactorof unity. Consequentlysigma
zero,thea posterioriestimateof unit weightor squareroot of thevariancefactor,can
be regardedasrepresentinga global adjustmentquality measurewithin eachgroup.
For both of the ES1.0datasets,the quality of eachadjustmentimproveswith mean
imagedtargetdiameter.This is to beexpectedwithin this setassubpixelaccuracyis
dependenton a minimum targetimagediametergreaterthana few pixels.

Tables VI and VII summarizethe network adjustmentscarried out using a
KodakMegaPlus1.6I camerafitted with a 15mm f/3·5 “F” mountNikkor rectilinear
lensanda 16mm f/2·8“F” mountNikkor quasi-fisheyelensrespectively.In this case,
it is apparentthat the imagestakenwith the 15mm lensexhibit greatertargetimage
geometrychangesacrossthe format thanthosemadewith the16mm fisheyelens.In
direct comparisonwith the ES1.0data, the smallerunsaturatedtarget imageswith
diametersof betweenfour and five pixels are thoserequiredto produceoptimum
networkprecisions.Given otherwiseidenticalnetworks,this canonly be attributable
to more consistenttarget image shape.Similar results are seen for the 20mm
rectilinear lens (Table VIII), but due to its less extremelens design,variationsin
target imagegeometryare not as obviousnor as influential in termsof adjustment
precision.

All imagestakenas part of the University of Melbournenetwork testinghave
beenmadewith larger targetsthat give rise to computedtargetimagediametersof
betweenthree and ten pixels. As a consequence,results from theseadjustments
exhibit muchreducedinfluencefrom variationsattributableto lensaberration.Instead
clear trendsin most datasetsindicate the effectsof flare, readout and blooming.

Theadjustmentswith theDCS420andGSI INCA camerashavebeenmeasured
and computedusing GSI V-Starssoftware.Integratedwithin the V-STARS adjust-
ment is an automatedimage measurementrejection procedure.This procedure
removesimageobservationsfrom theadjustmentif their computedresidualis greater
thana factor basedon the r.m.s. imageerror. The aim of this is to removeoutlying
image observationssuch as thoseattributableto partially obscuredtarget images.
However,it shouldbenotedthatunlessthis procedureis linked to informationabout
target image quality and location within the image format it cannot reliably dis-
tinguishbetweengoodandbadobservations.A similar procedureis availablein the
VMS softwareusedfor theCity networksbut to simplify this investigationthefeature
was turnedoff.

FromTablesIX andX, which arederivedfrom setsof adjustmentsincorporating
a dozen frames from six convergentstations, it can be seen that the highest
adjustmentprecisionsareachievedwith saturatedtargetimages.If exposuresa little
abovesaturationaremade,bloomingbecomesparamount,particularlyfor the INCA
systemas its 4.2I sensorhasa 100 per cent pixel fill factor and no antiblooming.
Significant readout and blooming are seenin the first two INCA networkswhere
performanceis seriouslyimpaireddespiteautomatedrejection.Sucheffects, if not
eliminated by careful control of exposureand subsequentanalysisof retrotarget
imageshape,can be expectedto haveseriousaccuracyrepercussionsas the r.m.s.
objectco-ordinatediscrepancybetweenthe first and last INCA networkswasfound
to be 0·8mm. It must,however,be stressedthat this camerasystemappearscapable
of excellentresultsprovided that retrotargetimage quality is carefully monitored.

The Pulnix TM9701 camerausedin theseinvestigationforms a part of a work
cell configuration being used as a researchtesting facility at the University of
Melbourne.In this case,10 frameswere taken from six convergentstationsand a
centralstationwith four orthogonalrolls. The 34 imagedtargetsarearrangedin two
planeson a calibration trolley. In all cases,despiteoptimum exposure,significant
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FIG. 10. Moving averageradialadjustmentresidualprofile for 20mm lens.

readoutandin somecasesbloomingis apparentin thetargetimages(TableXI). This
has resultedin very low object spaceprecisions,even for targetsimagedwith a
maximumintensityof 170 grey values.

(iii) Someeffectsof radial errors attributableto systematicvariationsin target
imageshape.The imagesfrom the City networksdemonstratesignificantsystematic
targetimagegeometrychangeswith radialdistance.Sucheffectsarenot prevalentin
theMelbournenetworks.Whilst furtherexperimentationis required,it is thoughtthat
this differenceis attributableto andenhancedby two major causes:

(a) the very small diameterof the City retrotargetsthat are imaged at the
resolutionlimit of the camerasystemsemployed;and

(b) the very low backgroundlevel of the City imageswhich is between0 and
2 grey valuesfor all of the imagesusedin the network adjustmenttests.

Sincethe physicaleffectsseenarepredominantlyradial,an analysisof the residuals
from eachnetworkadjustmentcouldbeexpectedto demonstratesystematictrendsif
the radial effect is not adequatelymodelledwithin the bundleadjustmentprocessby
lensdistortionparameters.Figs.10, 11 and12 areplotsof themovingaverageof the
radialcomponentof all imageresidualsfrom all of theadjustmentsetsfor the20mm,
15mm and 16mm lenses,respectively.In eachcase,the radial componentof the
photoco-ordinateresidualsof each target image location has beencomputedthen
smoothedby computingsequentialsetsof 100radial imageresiduals.If no significant
systematiceffectsor signalarepresent,theexpectationwould bea horizontalline. In
the caseof Fig. 10 correspondingto the 20mm rectilinearlens, it can be seenthat
whilst there is a slight upward trend any unmodelledradial effects are within the
0·2mm band.The causeof the peakat a radiusof 2·5mm to 3·0mm in the residual
profile for the20mm lensis unknown.Fig. 11 is derivedfrom the15mm rectilinear
lensadjustmentdata.In this casethereis a significantincreasein unmodelledradial
distortionapproaching0·6mm or 1/15thof a pixel on the1.6I AB sensor.Thegreater
signal in this caseis expectedsincethe extremedesignof the 15mm optic demon-
stratedsignificantaberrationeffects in both 2D and 3D tests.Fig. 12 presentsthe
results for the 16mm fisheye optic. Here the signal is less extremethan that of
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FIG. 11. Moving averageradialadjustmentresidualprofile for 15mm lens.

FIG. 12. Moving averageradialadjustmentresidualprofile for 16mm lens.

the 15mm lensamountingto 0·4mm. A muchmoredetailedanalysisof the physical
causeof theseeffectsis necessarybeforeconclusionscanbe drawnbut any residual
systematiceffectscanbeexpectedto give risenot only to a degradationof adjustment
precisionbut also to a significantandunpredictableworseningof accuracy.

CONCLUSIONSAND FURTHER WORK

Whilst extendingboth theeaseof useandattainablemeasurementquality using
targetbasedtechniques,the increasingimagequality offered by digital camerasis
exposingdiscrepanciesin our understandingand ability to model the photogram-
metric process.This paperhasidentifiedthat optical aberration,CCD bloomingand
readoutcangive rise to severallargely unmodelledbut significantsourcesof error.
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Theseerrors,if presentat a significantlevel,aredifficult to removeeffectivelywithin
the bundleadjustmentprocess.Establishedrejectionproceduresbasedon abnormal
target imageshapedetectorsand the automatedrejectionof abnormalobservations
cansignificantlyimprovethequality of anadjustment,but cannotreplaceinformation
lost thoughpoor initial imagery.

From the experimentalevidencecollectedso far, it is possibleto makeprelimi-
nary recommendationsconcerningthe useandchoiceof digital camerasystemsfor
high precisionphotogrammetricuse.Howeverin applyingtheserecommendationsto
practicalsituations,it shouldbe rememberedthat the work conductedfor this paper
haspushedthesystemsoutsidethe imagequality constraintsthatareassociatedwith
goodphotogrammetricpractice.

Given the performanceof the lensestestedin this paperand the photogram-
metrist’s continueduse of “off the shelf” optics, it is recommendedthat careful
testingandverificationis requiredbeforeany individual lenssystemis usedto make
measurementsthat are designedto achievevery high accuracies.Also important is
justificationof a choiceof sensorwith minimal antiblooming,asoptimal resultsare
achievedat or just below saturation,which in suchsensorsmay invite readout and
blooming effects. The combinationof theseand other effects must thereforebe
routinely monitoredor controlledby a careful choiceand understandingof optical
performance,exposurecontrol and, if appropriate,by the inclusion of CCD sensor
antibloomingfeaturesat theexpenseof pixel fill factor.Particularemphasismustalso
be placedupon the simple planar tests that demonstratedthat optical aberrations
associatedwith differencesbetweenthe imagingcharacteristicsof axial andparaxial
rays can give rise to significantdifferencesin imagedtargetshapewith changein
aperture.Whilst suchchangescanagainbeminimizedin practiceby theadoptionof
carefullydesignedworking procedures,thedetectionof anytargetshapechangewith
apertureinfers that significantlensaberrationis present.

Comparisonbetweenthe 16mm quasi-fisheyelens and the equivalent15mm
rectilinear lens demonstratesthat, provided that retrotargetsare the primary image
content,thefisheyedesignis capableof providingsuperiortargetimagemeasurement
precision when comparedto extremerectilinear wide angle designs.The quasi-
fisheye lens realizesfavourableresultsattributableto a lesseningof target image
ellipticity andmoreevenillumination acrossthe format.

The observedphysicaldifferencesin targetimageshapebetweenthe City and
correctlyexposedMelbournenetworksrequirefurther investigation.At this stage,it
can only be reasonablyconcludedthat, whilst small targetsizeswill minimize the
effect of ellipsoidal imagerywhenusingcentroidalgorithms,their imagedsizemust
belargeenoughto providesufficientimageinformationandmustnot besosmall that
lensaberrationeffectsbecomeparamount.Researchis thereforerequiredutilizing a
rangeof targetsizesandrigorousaccuracytestingto reliably quantifyandcategorize
both the physical causesand practical significanceof the effects describedin this
paper.Further,in caseswhereaberrationeffectsaresignificantit shouldbe possible
to combinea knowledgeof lens designand establishedmathematicalmodels for
Seidelaberrationsto efficiently accountfor the systematiceffectsdemonstratedin
this paper.
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Résumé

Lessystèmesimageursbasés sur la technologieactuelledescaméras
numériques,sontd’un usagetrès répandudanslesapplicationsnécessitant
desdéterminationsde hauteprécision.On utilise courammentles caméras
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numériques à DTC, soit isolément, soit dispose´es en rangée, avec leur
dispositif d’éclairage en anneau, pour saisir l’image de cibles
réfléchissantesà grandcontrasteplacéessur lesobjetsà desemplacements
bien définis permettantde matérialiser despoints caractéristiques.Il faut
effectueravecprécisionet exactitudela mesuredespositionsdesimagesde
chaquecible si l’on veut respecterdes tolérances convenablessur les
objets.Même si l’on peut obtenir sansaucundouted’excellentsrésultats
avecde tels systèmes,il n’est pas inutile de prêter attentionà l’influence
pratique de la qualité de l’image descibles sur le processusde détermi-
nation photogramme´trique. Après un rappel de quelques propriétés
optiquesconcerne´es dansl’obtention de l’image de cibles réfléchissantes,
on examinedanscetarticle lespossibilités detouteunegammedesystèmes
à caméras numériques à fournir desimagesde cesciblesqui conviennent
tout à fait au processusde mesure.On présente également quelques
résultats expérimentaux, comprenantceux où l’on a mis en œuvredes
matrices planes de mires réfléchissantesde différentes tailes, vues sous
différentsangles,avecdifférentesexpositions,ainsi qu’unesérie d’analyse
d’un réseauoù l’on a fait varier systèmatiquementle niveaude l’intensité
de l’image de la mire.

Zusammenfassung

AbbildendeSysteme,die auf der gegenwa¨rtigen Technologiedigitaler
Kamerasberuhen,sind bei hochpräzisenMeßanwendungenweitverbreitet.
Eineeinzelnedigitale CCD-KameraodereinVerbandsolcherKameras,die
mit einer Ringblitzeinrichtungausgestattetsind, werden in der Regel
genutzt, um kontrastreiche Abbildungen von selbstreflektierenden
Zielzeichenam Objekt, mit denendiskretePositionenzur Signalisierung
von interessierendenPunktenbezeichnetwerden,zu gewinnen.Die genaue
MessungjedesmarkiertenZielpunktesist eine fundamentaleAnforderung,
wenn geeigneteMeßtoleranzenerhalten werden sollen. Während solche
Systemezweifelsohnevorzügliche Ergebnisseliefern können, muß den
praktischen Einflüssen der Abbildungsqualita¨t der Zielzeichenauf den
photogrammetrischenMeßprozeßsorgfältige Beachtunggeschenktwerden.
Daher werden einige Grundlagen der optischen Abbildung von
Retrozielzeichenaufgefrischt und die Eigenschafteneiner Reihe von
Digitalkameras zur Erzeugung von Bildern von selbstreflektierenden
Zielmarken, die für den Meßprozeßgeeignet sind, untersucht. Einige
experimentelleErgebnissewerden angegeben,darunter die Abbildung
ebenerAnordnungenvon RetrozielmarkenunterschiedlicherGroße unter
verschiedenenWinkeln und bei unterschiedlichenBelichtungenund eine
Serievon Netzwerkanalysen,bei denendie Intensität desZielmarkenbildes
systematischverändert wurde.
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