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Abstract

Imaging systemsfoundedon current digital cameratechnologyare
finding widespreaduse in high precision measuremengpplications. A
single digital CCD camera,or an array of such cameras,equippedwith
ring lighting equipmentis commonlyused to acquire imagery of high
contrastretroreflectivetargetsplacedon the objectat discretelocationsto
signalizepoints of interest. The preciseand accuratemeasurementf each
imagedtarget location is a fundamentarequirementif suitable measure-
menttolerancesare to be obtained.Whilst suchsystemsare undoubtedly
capableof producingexcellentresults,the practical effectsof targetimage
quality on the photogrammetrianeasuremenprocessis in needof careful
considerationThis paperrevisitssomefundamental®f the optical imaging
of retrotargetsand investigatessomeabilities of a range of digital camera
systemsto provide images of retrotargets that are appropriate to the
measuremenprocess.Someexperimentalresults are presentedncluding
the imaging of planar arrays of differing sized retrotargets at differing
anglesand exposuresnd a seriesof networkanalysesn whichthelevel of
targetimageintensityhas beenvaried systematically.

Key worps digital camera,jmage quality, retroreflectivetargets

INTRODUCTION

ReceNT ADvANCES in digital imaging technologycoupledwith automationin data
processindiave,asaresponseo marketforces,broughtdigital photogrammetrynto

*Formerly at City University, London.
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routinenon-experusefor high precisionengineeringneasuremer({Brown andDold,

1995; Beyer, 1995; Bosemanrand Sinnreich,1994). End userexpectationsot only

include rapid measuremer&nd easeof systemuse,but alsoroutine achievemenbf

given measuremenspecificationsTo achievethis latter aim, co-ordinatemeasure-
ment data must be assessedccordingto their accuracy,precisionand reliability.

Precision(randomerror) and reliability (susceptibilityto grosserror) are routinely
assessedwithin the almost universally accepted bundle adjustment process
(Granshaw,1980). Assessmenbf accuracyis however more difficult sinceit is

concernedwith systematicerror within the measurementolume andrequiresinde-

pendentpatialinformationof appropriateandverifiable quality. The resultsof work

to evaluatephotogrammetrigroceduresn associatiorwith establishednetrological
procedureshave demonstrateaignificantvariationsbetweenachievedaccuracyand
estimatedprecision(Shortis, Snow,and Goad, 1995; Fraserand Shortis,1995).1t is

evidentthat conformanceto standardsequiresan internationalresearcheffort if a

specificationand the methodology necessaryto verify accuracyunder practical
conditionsare to be achieved.

Theincreasingmportanceof dataquality verificationhasbeenbroughtaboutby
the ability of digital camerasystemsand retrotargetingmethodsto producehigh
quality spatialdatain a userfriendly mannerundera wide variety of industrialand
engineeringapplications As it becomesncreasinglyacceptedhat the technologyis
mature,it is necessaryo ensurethatthe processesf imagingretrotargetsonto CCD
arraystargetimagemeasuremerdndthe photogrammetrienathematicamodelused
are sufficiently understoodand appropriatelyimplemented Whilst much work has
beencarriedout in this area,the contentof this paperis directedtowardsevaluating
someradiometricandgeometridmagequality issuegshatarelessfrequentlyreported
andhavea direct and significantbearingon the retrotargetmeasuremenprocessin
particular, the paperaims to highlight some practical imaging performanceissues
within the photogrammetricprocesswhich are not yet adequatelyunderstoodor
mathematicallymodelled. Some effects of theselargely systematicprocessesre
describedwith referenceto testsconductedusing severaldifferent digital camera
systemsthat are representativef currenttechnology.

SOME FUNDAMENTALS OF RETROTARGETIMAGING

It is not reasonablen a single paperto discussand evaluateall aspectsof
retrotargetimaging and targetimage measurementThe discussionin this paperis
limited to severaliscretekey areaghatareconsideredmportantto thegeometryand
radiometry of retrotargetimaging and worthy of a more completeunderstanding.
Theseinclude a questioningof the applicationof somebasicgeometricassumptions
anda brief consideratiorof lens aberrationsandlensdesign,andtheir effect on the
imagedshapeof retrotargetsat the centreand edgesof the field of view.

ReportedRetrotargetingSystemPerformance

The key to retrotargetimage measuremenis the ability to estimatethe centre,
accordingto thegeometricamodelof pointto point projection,of eachimagedtarget
to subpixelaccuracyTherearetwo tasksto be performedin this processrecognition
andlocation.Recognitionof the targetimagesis requiredto unambiguouslydentify
targetswithin a sceneandprovidea coarselocationfor a local window or boundary.
The preciselocationof thetargetimageis generallya secondorocesshatdetermines
the targetimage position within that local window or boundary.

Coarse locations can be determinedusing prior geometric knowledge of
exposurestation and target positions (Haggren and Haajanen,1990), scanningthe
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entireimagebasedon a globalthreshold(Shortiset al., 1994)or searchingor 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 leastsquaresemplatematching (Baltsavias,1991).

Centroidsand ellipse fitting require the elimination of backgroundor noise by the

definition of a local threshold Whilst templatematchingmay be independenof high

contrasttargets, the techniquerequiresan initial templateto be definedand can

becomecomputationallyinefficient unlessthereare sufficientalgorithmic constraints
(Gruenand Baltsavias,1988).

Analysisby simulationcan predictthe expectedmagespaceprecisionof target
centringalgorithms.Most studiesare basedon assumption®f grey scaleimagery,
random noise and minimum target spansof a few pixels. The consensuss that
centroidtype algorithmscan at bestrealizeimage spaceprecisionsof +0-01 pixels
(Stantonet al., 1987). Therehavebeenmanytestsof imagespaceprecisionof target
centringalgorithms.Chosertestmethodsvary from singletargetmonitoring(Robson
et al., 1993) to multistation convergentetworkscomprisingmany targets(Shortis,
ClarkeandRobson,1995). The consensuss that centroidtype algorithmscanrealize
object spaceprecisionsequivalentto +0-02to 0-03pixels. Few testshaveincluded
verificationin the objectspace Of thosereported,objectspaceresultshavegenerally
beenlessfavourable,indicatingimaging accuracieof +0-02to 0-07 pixels (Fraser
and Shortis, 1995). Whilst subpixel measurementechniquesundoubtedlyproduce
goodresults,it is prudentto considemwhatfactorsaffectthe geometryandradiometry
of the digital imageintensity distributionthat is being measured.

Potential of Optical Distortions for RetrotargetMeasuremengrror

In orderto form a retrotargetimageat the CCD sensor Jight musttravel from

a suitableillumination source,be efficiently returnedby the targetmaterialand be
collectedandfocusedby the lens systemonto the CCD array. The optical pathmay
include additional glasswaresuchas a CCD cover glassor condensemoptics. In as
muchasthe illumination of retrotarget{Brown, 1984) andthe responsejualitiesof
CCD arraysarewell reported(ShortisandBeyer,1997),the influencesof the optical
image formation processesare less well publishedin photogrammetriditerature.
Further,asdifferencesbetweenaccuracyand precisionestimatesiemonstratewhilst
establishedbhotogrammetrigproceduresare sufficient for mostwork, the continual
improvemenbf CCD sensoisystemsandthe automatiorof datacaptureareexposing
someshortcomings.

(i) SomegeometricconsiderationsPhotogrammetristeavetraditionally repre-
sentedthe imaging processby meansof collinearity and a parametricmodel to
representhe geometryof the cameraln accordancevith this tradition, it hasbeen
convenientandwith qualifiedsuccessto considemetrotarget@sa point source This
consideratioris generallytakento be a good approximationfor targetsthat produce
imagesof the orderof 3 pixelsto 5 pixelsin diameter.Sucha targetimagediameter
allows optimum subpixelmeasuremenaccuracy.Larger targetimagesrequire that
the significanceof perspectiveprojectionbe consideredDold, 1996). According to
centralperspectiveprojection,a circular targetof diameterD alignedparallelto the
imageplanewill beimagedasa circle of diameterd (Fig. 1). If, however thattarget
is alignedorthogonallyto its imageray, thenits imageddiameterwill be a function
of the angle 6 subtendedo the optical axis. Furthermore,ts true centrewill not
coincidewith its imagedcentreas determinedby a centroidingprocedurebut will
have someradial offset, the size of which will dependupon the targetdiameter,
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Fic. 1. Simplified retrotargetmagegeometry.

magnificationandviewing angle.The situationis further complicatedby the fact that
thetargetcansubtenda rangeof anglesto the perspectivecentre limited only by the
light returningcharacteristicof the retroreflectivematerialselected(Brown, 1984).

(i) Someoptical considerationsGiven 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,
astigmatismand chromaticaberrationlt is well establishedhat eachof thesecanbe
mathematicallymodelled by Seidel equations(Arnold et al., 1971). Geometric
distortionis includedin the traditional photogrammetrienodel forming the basisof
the radial and tangential lens distortion parametersthat are applied within the
generallyacceptehotogrammetricameracalibrationmodel (Kraus, 1993). Photo-
grammetristsdo not explicitly model the remaining aberrationsbut, as will be
demonstratedaterin this paper,they canhavea significantsystematiceffect on the
imagedshapeand thereforethe subpixelmeasurementf retrotargetimages.

The relative magnitudeand contributionto targetimagegeometryof eachlens
aberrationis dominatedby lens designcriteria. A typical effect of combinedlens
aberration®n a sharplyfocusedpoint sourceis shownin Fig. 2, wherea sectionA-A
has been drawn through the intensity profile of two point images.Due to the
mechanismgiving rise to aberrationssuchvariationswill alsobe dependenbn the
lensapertureusedandthe wavelength(or wavelengthspf the light usedto form the
point image. It mustalso be rememberedhat any image unsharpnesarising from
incorrectfocusing or insufficient depth of field can also be expectedto contribute
significantgeometricand radiometricchange.
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FiG. 2. Lenspointspreadunctionattheformatcentreandits changen shapewith radialdistanceo theedge
of thefield of view.

Photogrammetristshave generally made use of rectilinear lensesthat are
designedo reproducestraightlinesin the objectspaceasstraightlinesin theimage
spaceaccordingto the function: radial distancer = ftand (Fig. 3). Necessitatedby
availabledigital cameradesignsandthe relatively small imageformat size of CCD
arrays,it is commonto uselensesof shortfocal lengthfor digital photogrammetric
work. However,shortfocuslensdesignscanonly providea small clearancébetween
the vertex of the rear elementand the focal plane. This limitation can present
particular problemswith camerasbasedupon 35mm SLR style bayonetmounts
wherelensdesignis influencedby the necessityto allow for a mirror viewing system
betweenthe rear elementsof the lens and the imageplane.In suchcases)ensesof
retrofocusdesignare employed.This type of designshifts the front and rear nodal
planesbackwardgo allow a largerphysicalseparatiorbetweerthe 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 steeplycurved elementsand high refractive index glass. This combinationof
designcriteriacanalsomakesuchconstructiongproneto flare. Additionally, uniform
lensperformancen the cornersof the formatis difficult to achievein practicedueto
difficulties of centringthe elementsin assembly(Ray, 1994).

One possiblealternativeis to considerthe useof so called fisheyeand quasi-
fisheyelensegWelford, 1974).In suchdesignsthe ability to recordstraightlinesin
the image spaceis sacrificed for improved image illumination. Whilst several
methodsof projectionare possible that mostcommonlyfound is baseduponradial
distancer = f 0 (Fig. 3). Sincethedesignedchangdn imaginggeometryis afunction
of imageradius,it is possibleto mathematicallynodelthe imaging geometryof the
fisheyeprojectionwith establishedadial lens calibrationparametersAs a point of
interest,the term fisheyeis usedwherethe imagecircle is wholly within the image
format (a) whilst quasi-fisheydensesgenerallyachievea 18C field of view across
their designedmageformat diagonal(b).
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One final optical considerationis the effect of additionalglass,suchas CCD
cover glassesThesemay be unflat, non-orthogonato the optical axis or both. The
inclusionof suchadditionalelementsn the optical systemis likely to resultin image
shifts and an increasein aberration particularly coma.

CCD ARRAYS AND DiGITAL CAMERA SYSTEMS

Digital camerasystemsin common use for photogrammetricmeasurement
purposesncludethosefrom morebroadbasedmanufacturersuchasKodak, Pulnix,
SonyandHitachi. Suchcamerasreintendedfor the generaimarket,photojournalism
and, to a lesserextent,scientific applicationssuchas medicineand machinevision.
Also availableare purposebuilt photogrammetricameragrom, for example Leica/
GSI, Aicon, Rollei and Zeiss. Primary imaging featuresconnectedwith selectinga
digital cameraappropriateto retrotargetimageacquisitionare: CCD characteristics,
lens mount, mechanicaktability, methodof datatransfer,the ability to synchronize
to an externalelectronicflash and, dependingon application,the ability to synchro-
nize image capturebetweenmultiple cameras.

CCD Arrays and Digital Data Transfer

The fundamentalfunction of any solid statesensoris the absorptionof light
photonsby the sensomaterialand subsequentonversioninto an electric signalin
the form of charge.Chargetransferandreadout areimplementedn the form of the
chargecoupleddeviceor CCD. Currentimagingtechnologiegor mainstreanusesare
centredaroundinterline and frame transfer CCD arraysand the increasinglymore
common progressivescan technology. Specialistcamerascan also utilize micro-
scanning and/or macroscanningwhere the light sensitive array is incrementally
movedto effectively increaseresolutionor imageformat size. This paperis limited
to a discussiorof frametransferandprogressivescanmodelsutilizing digital output.
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(i) Typesof CCD sensor.CCD sensordavedifferenttypesof logical organiza-
tion for imagingandreadout. FrametransferCCD sensorshaveimaging areasthat
are composedonly of sensorelementsln contrastto an interline sensorthe same
sensorelementsare usedfor chargeaccumulatiorandfor chargetransportationThe
light sensitiveportion of the array mustthereforebe maskedeither mechanicallyor
electronicallyduring the columnwisechargetransferprocess Frametransfersensors
are commonfor high resolutionand so called scientific cameraswhilst standard
closedcircuit televisionandvideo camerasaredominateday interlinetransfersensors
which are more compatiblewith video recordingsystems.

Traditional CCD camerasare only capableof capturingone field, or half the
vertical information, per shutter event becausethe scanfunction breaksthe inte-
grationperiodinto two sequentiafield scansln dynamicimagecapture by the time
the secondfield of informationis storedand scannedthe subjectmay havemoved.
Theresultis a ghostingor blurring effectoncethe two scanperiodsare combinedto
createthe whole, interlacedpicture. This is successfullyeliminatedwith progressive
scanningvheretheimageinformationis accumulategimultaneouslhandthenoutput
either line by line or sequentially.The resultis a non-interlacedimage with full
verticalandhorizontalresolutioncapturedn asinglerapidshutterevent(Hori, 1995).
The disadvantagef this type of camerais thatimageacquisitionat field rateis not
possible but this is balancedagainstthe clearadvantagef framerateimageswhich
are free of motion blur. Both the Kodak ES1.0 and Pulnix TM9701 cameras,
evaluatedater in this paper,utilize progressivescantechnology.

Consistentindregularimagegeometryis a prerequisiteequiremenfor accurate
image measurementCommonly, transferfrom the CCD array to a frame grabber
requiresan analogueo digital (A/D) converter.n suchcasestiming errorsbetween
CCD array and A/D convertercan give rise to synchronizatiorerror or line jitter
(RaynorandSeitz,1990).Suchproblemsareeliminatedin digital camerasvherethe
A/D converteris matchedo the CCD arrayanddriven by the sametiming generator.
In adigital cameraputputto the useris typically providedvia a digital interface.One
suchexampleis the RS422high speedparallelinterfacewhich requiresa compatible
interfaceboard in the host computer.Digital transmissionerrorswill resultin an
obviousmissingframe,or anoffsetframebeingloadedinto theimagememory,rather
than more subtlegeometricerrors.

(i) Someopto-electroniaconsiderationsThe mechanicahndelectroniccharac-
teristicsof the CCD sensorandits associatealectronicsdeterminethe fidelity with
which theimageformedby the optical systemis convertednto a computerreadable
format. Many of the issuesconnectedvith CCDsandthe electronicsusedin digital
camerasare beyondthe scopeof this paper,which is limited to a brief consideration
of the effect of pixel geometry,readout noiseand blooming which are particularly
apparentin someof the camerasystemstested.The readerseekingmore general
detail is referredtowardsShortisand Beyer (1996).

CCD sensorsare fabricatedby depositionof a seriesof layerson the silicon
substrate The geometryof the depositedlayersis controlled by photolithography,
which usesmaskspreparedatamuchlargersizethanthefinishedproductandapplied
usingoptical or photographiaeductiontechniquesThe limit of geometricaccuracy
andprecisionof CCD sensorgsanbe deducedrom the accuracyand precisionof the
lithographic process.The current generationof microprocessorss fabricated to
0-3um to 0-5um designrules, which require alignmentaccuraciesof better than
0-1um. 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
the sensorlementspacingon an8 mm squareformat. It could be expectedhatthese
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1/60thto 1/100thlevelsof fabricationerrorwould alsohold for largerformatsensors
dueto the natureof the lithographyprocess.

A further criterionis that of a matchbetweerthe resolvingpower of the optical
systemand that of the CCD array. Any mismatchwill give rise eitherto aliasingif
the array hasgreaterresolutionthanthe lensor, in the conversecase,a generalloss
of resolutionwill result(Lenz andFritsch,1988).It is importantto notethat, dueto
varying CCD constructionresultingin differencesin pixel pitch andthe percentage
light sensitiveareaor fill factor of eachpixel, sensorresolving power may not be
homogeneou# the x andy directions.Suchvariationscan be expectedto havean
influenceon the geometricshapeand intensity profile of retrotargetimages.

Following practical experience,the predominantconcernsin this paper are
readouteffectsand blooming. Theseeffectsare apparentwhentoo muchlight falls
onto a sensorelementor group of sensorelementsandthe finite chargecapacityof
the photosensitivesitesis approachear exceededThe excesschargethen spreads
into neighbouringelements,falsely increasingthe apparentimage intensity. The
effect is known as blooming and is most commonly associatedwvith intenselight
sourcessuchasthe responsef retroreflectivetargetsto an electronicflash. Bloom-
ing canbe readily detectedby the excessspreadof suchlight sourcesn 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
threshold potential) into the base substratematerial of the CCD. The additional
circuitry reducesthe light sensitiveareaof eachpixel, typically from 100 per cent
with no antibloomingto approximately70 per centwith antibloomingfor a frame
transfersensor.As it is easierto preventblooming acrosscolumnswith the drain
structuresplooming usually occurswithin columnsfirst.

Blooming has an interim stagecharacterizedy retrotargetimagesexhibiting
small“tails” alignedin the readout directionwithin columns.Thetails maybein the
verticalor horizontaldirectionin theimage,dependingon the columndirectionof the
CCD array. This readout effectis causedby the centreof the retrotargetthe most
intense part of the image, blooming and the excesscharge spilling over into
neighbouringsensorelementsjnitially in the columndirection. At higherillumina-
tions, the more generalcaseof blooming ensuesjn which the excesschargeis so
greatasto affectsurroundingsensorlementsn all directions.However,asis shown
in Fig. 6, evenin casesf dramaticbloomingthe principal effectremainsin theread
out direction, correspondingo columnsin the CCD architecture.

Whereasdhnitial attemptsat antibloomingcould control illumination levelsonly
up to 100timesthe saturationexposurethe limit hasrisensteadilyto attainlevelsof
over 10000 times the saturationlevel of the sensorin currentconsumerproducts
(Kodak, 1995). Unfortunately, antiblooming structuresoccupy areason the CCD
surfacewhich would otherwisebe light sensitive,hencereducingfill factor and
compromisingsensorresolution. Such problemscan be addressedyy the use of
microlensarrays.Thesearraysaredesignedo collectthe majority of thelight falling
on the sensorand focusingit onto the light sensitiveareasof the pixels.

Available Digital CameraSystems

Camerasystemsinvestigatedfor this paperwere selectedaccordingto avail-
ability and include a monochromeKodak DCS420, MegaPlus1.61AB, MegaPlus
ES1.0, Pulnix TM9701 and a GSI INCA camerawhich is basedon the Kodak
MegaPlus4.2] camerabody. The camerasare drawn from the three principal
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TasLE |. Manufacturersfigures,whereavailable for the cameragested.

Activeimage
Pixel size(um) 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 768 484 116 136 891 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
1.6l 9(100) 9(100) . ) - )
MegaPlus 1536 1024 9(70) 9(100) 13-8 9:2 65 100-1500 5-46 1/1000
1.61AB
DCS420 9 9 13-8 92 — 100-800 — 1/8000
MegaPlus

4.21 2029 2044 9(100) 9(100) 185 185 65 100-1500 2:1  1/1000

categorieof domestic/photojournalisnscientific/tethere¢amerasand purposebuilt
photogrammetricamerasSomepertinentdetailsfrom their publishedspecifications
aregivenin Tablel.

The KodakDCS420is a self-containedamerantendedfor photojournalisnand
non-specialist photography 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 canthen be downloaded
onto a host computerwhen convenient.

The Kodak MegaPlusl.6l, MegaPlusES1.0,and Pulnix TM9701 belongto the
scientific category.The Kodak MegaPlusl.61 employsa frametransferCCD array,
whilst the othersutilize progressivescanarchitecture All of thesecameragnustbe
directly linked to a computersystemthat, if by wire, mustbe within a radiusof no
more thanapproximatelylOm. The Kodak ES1.0employsa twin tap CCD arrayto
facilitate rapid imageto hosttransfersof up to 30 framesper second.

The mostrecentadvancean photogrammetricameradesignis the introduction
of “intelligent” cameragDold, 1998).The GSIINCA seriesasusedin theV-STARS
industrial metrology systems,includesan onboardprocessomwhich searchesach
imageasit is capturedUsinga LAN interface,thelocal processocancommunicate
the statusof an imageto the host computerimmediately,identifying for example
electronicflashfailures,lack of codedtargetsor lack of anorientationdevice.Rather
than alwaystransmittingthe full image,the cameracan senda statusmessagethe
location of a hand held probe or the entire image. Whilst such systemsoffer
significantbenefits,particularly towardsautomation the primary consideratiorwith
sucha cameramuststill be its imaging performance.

Available Lens Systems

As alreadynoted, the choice of an “off the shelf” digital camerasystemcan
placerestrictionson the availability of suitableoptics.In particular,the smallimage
format of affordableCCD arraysrequirelensesof shortfocal lengthto achievethe
wide anglesof view commonin efficient photogrammetricnetwork designs.The
camerasavailable for the testscarried out in this paperuse either “C” mount or
conventionaB5mm SLR camerabayonetlensmounts.“C” mountlensestendto be
purposemadefor the burgeoningCCD surveillancecamerasystemsmarket. As a
consequencgppropriatenvell constructednanualfixed focuslensegendto bein the
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TABLE Il. Somecharacteristic®f the cameraandlenscombinationaused.

Field of view (degrees)

Equiv.35mm Lens Lens
Camera Lens Horizontal Vertical Diagonal focallength construction mount

TM9701 9mmf/1-4

Fujinon 52-3 40-2 63-6 34 Retrofocus C
10mmf/1-6 .

ESLO  Kem- 488 492 656 33 Quasi- c
Pa(iellrgrd symmetrical
12.5mm

ES1.0 /1-8 41.8 40-2 54.5 41 Retrofocus C
Fujinon
15mmf/3-5

1.6/ AB Nikkor 49-4 34-1 57-8 38 Retrofocus Nikon F
16mmf/2-8

1.61AB Nikkor 46-6 32:0 54.8 41 Fisheye  Nikon F
20mmf/2-8

1.61 AB Nikkor 38-0 25-8 45-0 51 Retrofocus Nikon F
20mmf/2-8

DCS420  Nikkor

INCA 17mmf/3-5 56-6 56-8 74-7 28 Not confirmed Custom

minority. Available 35mm bayonetmount lensesof short enoughfocal length to

obtainsufficientobjectcoveragewnith CCD imageformatsareof retrofocuswide and

super-wideangleconstructionin orderto allow for the mirror box viewing assembly
incorporatedwithin 35mm SLR camerasAdditional but more unusualpossibilities
areofferedby fisheyeandquasi-fisheydenses Somepertinentdetailsconcerninghe

lensesavailableto the authorsare givenin Tablell.

EXPERIMENTAL WORK

For conveniencepracticaltestshavebeendivided accordingto thoserestricted
to two dimensional(2D) measurementf carefully alignedsingle imagesand those
makinguseof imagenetworksof threedimensional3D) targetarrays.Singleimage
experimentsncludean evaluationof targetimageresponsendgeometricuniformity
with referenceto a planar array of differing sized retrotargetsunder a variety of
illumination conditions.Work in objectspacewasconfinedto looking at the effect of
variationin targetimagequality on geometricperformancavith respecto a 3D target
arrayimagedundera variety of exposureconditions.In the specificcaseof the Kodak
MegaPlusl.6l camerathe performanceof a conventionalrectilinearlens hasbeen
comparedwith that of a quasi-fisheydens of similar focal length.

Image SpaceQuality Tests

All image spacequality testsconsistedof imaging a planararray of differing
sizedretrotargetsThe useof suchan array allowed the testingof both targetshape
andexposureuniformity over a rangeof lensaperturesexposurdimesandillumina-
tion types. The testarray at City University was locatedon a blackenedwall and
comprised12 columnsof four different sizedtargets2-3mm, 3-:2mm, 5-3mm and
8-8mm in diameter.Given appropriatecameraalignmentand rotations,the array of
targetscould be arrangedo provide imagesacrossthe format diagonalof eachlens
and sensorcombination. Camerastested using this array included the MegaPlus
1.61AB, MegaPlusES1.0and a Nikon FE 35 mm SLR film camera.The target
configurationused at the University of Melbourne was imaged with the Pulnix
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TM9701,KodakDCS420andGSIINCA cameraslt includedanarrayof 6-4mmand
9-5mm diametertargetsarrangedon a baseboardas well as other discretetargets
locatedon a laboratorywall.

During all testsit wasparamounthateachlenswascorrectlyfocused.This was
achievedby openingup the lensapertureto provide an overexposedmagein which
retrotargetsappearedas grossly enlargeddiscs. The lens was then focused to
minimize the size of thesetargetimages.

lllumination for eachtestwas providedby a single SunPackDX12R electronic
ring flash.Whenequippedwith anexternalpowerpack,this unit is ableto recycleon
low power at betterthan one flash per second,reducingto a 3s interval between
flashesat full power. Stockerand Yale high frequencyfluorescentring lights were
usedwith the Pulnix TM9701 and Kodak ES1.0 progressivescancameras.These
units are able to provide a continuousand variable ring illumination suitable for
retrotargetuse at closerangewhenit is necessaryo captureimagesat frame rates
greaterthanthoseattainableby low costelectronicflash units.

In orderto enablea betterappreciationof the distinction betweenCCD effects
andthoseof the differing lensestested,a comparisonusing photographidilm was
also conducted.This test was provided by imaging the targetarray with a 35mm
Nikon FE camerdoadedwith Kodak TMAX 100film andfitted with the samelenses
asthoseusedwith the“F” mountKodak MegaPluscameraConvenienttomparisons
couldthenbe madeby scanninghe 35mm film in a LeicaDSW100scannerA pixel
spacingof 15-0um was usedfor all imagescanning.

(i) Targetimageshapetests.Thisfirst seriesof testswasconductedo ascertain
the performanceof the varioussystemsn imaging retrotargetsof varioussizesand
at differing angles.Having determineda correctexposurdevel, variationsin illumi-
nation intensity, lens aperture and exposuretime were made in an attempt to
introducereadoutand blooming in eachsystem.Whilst many megabytesof image
datawere capturedresultscanbe summarizedvith referenceo a few specificcases.

A qualitative example of some of the variations in target shapeand size
predictedby perspectiveprojectionaregivenin Fig. 4. Bothimagesweretakenatthe
University of Melbournewith a Pulnix TM9701 cameraequippedwith a Stockerand
Yale ring light. For the first imagein this figure, the camerawas positionedso that
its imageplanewas approximatelyparallelto 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.

Fic. 4. Demonstratiorof changein targetshapeandsizewith differing angle.
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Target images taken with a 15 mm Nikkor lens onto TMAX 100 35mm film

Centre 8mm Edge

Increasing radial distance

Target images taken with a 15mm Nikkor lens onto a 1.6I AB sensor

Fic. 5. Imagesof anarrayof retrotarget®f differing sizemadeontophotographidilm anda CCD arraywith
the samel5mm Nikkor lens.

Fig. 5 showssmall portionsextractedrom imagesof anarray of retrotargetof
differing size madeonto Kodak TMAX 100 film and a Kodak MegaPlus1.61AB
sensomwith the samel5mm rectilinearNikkor lens. The differencesin scalearedue
to the scanner’'sl5-Oum pixel size as opposedto the 9-0um of the CCD array.
Differencesin tonality are attributableto the different image formation processes.
Whatareapparentespeciallyfor smalltargets arethe systematidifferencesn target
imageshapewith increasingradial distance Given that the imageplanewasapprox-
imately alignedto the targetarray in eachcase,such variationscannotbe due to
perspectivegeometry considerationsbut appearcharacteristicof lens aberration.
A similar analysiswith a 20mm Nikkor lens yielded similar but less exaggerated
results consistentwith the expectationfrom a lens with a less extremeretrofocus
design.

Blooming and readoutcan presenta serioussourceof error if not carefully
controlled.Fig. 6 demonstrates 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
optimumexposureThe imagein Fig. 7 wastakenwith a MegaPlusl.61AB camera.
This camerais specifiedwith anantibloomingCCD arraywhich, at the expenseof a
60 per centpixel fill factorin the vertical direction,wasfound to be very effective.
To provideany evidenceof bloomingwith this systemit wasnecessaryo movethe
camerato within 1 m of the targetarray, openthe lens apertureto f/2-8 and setthe
DX12R flashto full power. Suchan exposuresettingis somenine stopsover that
requiredfor optimum exposureand normally only usedwhen imaging the largest
retrotargetsn this testat distance®f over20m. Thehalojustvisible atthe periphery
of thisimageis attributableto flare causedy the diameterof thering flashunit being
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Fic. 6. An extremecaseof bloomingproducedrom a CCD arraywith 100 per centpixel fill.

insufficientto allow its positioningbehindthe large front lenselementof the 15mm
Nikkor lens.

(i) Exposureuniformity tests.Underpracticalconditions,it is commonpractice
to vary both lens apertureand ring light illumination to obtain correctly exposed
retrotargetimages.Imageswere takento investigateany variationsin targetimage
geometrywhenlensapertureandelectronicshutterdurationwerevariedin sympathy
to achieveconsistentexposure.Table llla containsdatapertinentto a set of small
sub-imagesapturedwith a Kodak MegaPIlusES1.0camerditted with a10mm f/1-6
Kern Paillard“C” mountlens,whilst Tablelllb representsimilar dataacquiredwith
a 12-5mm f/1-4 “C” mount Fujinon lens. The former lens was chosenas it is
principally a shortfocusdesignandconsequentlynight be expectedo havedifferent
aberrationcharacteristicgo the retrofocusFujinon lens. Unfortunately,the limited
electronicshuttervariationspossiblewith the ES1.0camereaonly allowedathreestop
apertureangeto beaccommodatetbr eachavailablelevel of 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 variationsseenare attributableto changesn lensaberration
broughtaboutby the stoppingof paraxialrays asthe lens apertureis reduced.The
effectof changingthe electronicshuttertime is not thoughtto havegivenriseto any
of the observedchangessinceall shapechangesiemonstratalistinct radial patterns
that are alignedto the centreof the imageformat.

Object SpaceQuality Tests

The simple qualitative 2D analysiscarriedout in the previoussectiondemon-
stratessignificantvariationin targetimage quality that appearsconsistentwith that
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Fic. 7. Probableonsetof bloomingin anantibloomingarray.

expectedrom lens aberrationeffects.In orderto evaluatethe practicalsignificance
of someof thesefactors,a numberof networkadjustmenthiavebeenconductedwith
eachcamerasystem.For this initial investigationexposurewas varied, by meansof
electronic flash output, to produce images that contain underexposedgcorrectly
exposedand saturatedargets.

Both City University and the University of Melbournehave establishedetro-
target calibration ranges. The current array at City consistsof the corner of a
laboratory occupying approximately3x 3x 3m that has been painted matt black.
Somel70 retrotargets3-2mm in diameter,are attachedto the laboratorywall and
ceiling on specially shapedwedgessuch that all targetsare directed towards a
notionalcamerastationat the oppositecornerof the laboratory.A typical calibration
procedure,as replicatedin thesetests,is to take 12 imagesfrom six convergent
stationswith a 90° roll at each station. Images are then measuredand a self
calibrating bundle adjustmentcomputed,a datum being definedby the method of
innerconstraintsysinga researclorientedvision metrologypackage&knownasVMS,
developedjointly by the City University and the University of Melbourne. Two
different targetarraysat Melbournewere usedfor thesetests.The first consistedof
140targetsattachedo a wall andon standsto provide depth,whilst the secondwas
composedof 30 targetslocated on a mobile 0-6x0-6x0-8m calibration trolley.
Targetdiameterdfor 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-Starspackagewvasusedto processhe INCA
and DCS imagedata, whilst VMS was usedfor the Pulnix image network.
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TaBLE llla. Variationin both shutterandapertureto maintaina constaniexposureKodak MegaPlusES1.0
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

TasLE IlIb. Variationin both shutterandapertureto maintaina constanexposureKodak MegaPlusES1.0
camerawith 12-5mm f/1-4“C” mountFujinonlens.

Background
Shutter image Maximumtarget Targetimage Targetimage
(ms) f/stop intensity imageintensity (centre) (corner)
4 14 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 resultsfrom the differing networks, it is useful to considerthe radial and
tangentialensdistortioncurvesgeneratedor eachcameraandlenscombination Fig.
8 clearly demonstratethreedistinct families of curves.The first, with minimal and
very similar distortion, belongto the “F” mountretrofocusdesignlenses.Secondin
magnitudeare thosefrom the “C” mountlenses.In this setthe retrofocus12-5mm

0
100 TM9701 9mm Lens
----------- DCS420 20mm lens

-200

ES1.0 10mm lens

300 ES1.0 12mm lens
\ -.-- K1.61 20mm Lens

-400 —— K1.6l 15mm lens
Distortion \ ——K1.61 16mm lens
(um) \ —-.-INCA 4.2 17mm lens

-600

o 1t 2 3 4 5 6 7 8
Radial Distance (mm)

Fic. 8. Radiallensdistortionprofilesfor all evaluatedcameraandlenscombinations.
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Fic. 9. Tangentiallensdistortionprofilesfor all evaluatedcameraandlenscombinations.

and 9mm Fujinon optics have similar shapedcurves, whilst that from the more
symmetricallOmm Kern-Paillardlensdemonstrategreatedensdistortioncorrection
towardsthe edgeof the imageformat. The final curveis computedfrom the 16 mm
guasi-fisheydensimageryand demonstrategreatly increasedadial distortion.

Fig. 9 presentsthe tangentiallens distortion information computedfor each
network. In this casetwo distinct groupsare paramountwith all “F” mountlenses
demonstratingconsistentand lower distortion than thosebasedon the “C” mount.
Again this should be expectedas tangentiallens distortion is attributableto lens
elementmisalignmentand it is likely that alignmentof the smaller “C” mount
elementss both more critical and more difficult to achieve.

(i) Summaryof networkadjustmentsA subsetof resultsfrom eachcalibration
seriesis summarizedn TableslV to XI. For eachnetworkthe meancamerato object
distancewas computedand usedin conjunctionwith the physical diameterof the
retrotargetsn the calibrationarrayto computepredictedargetimagediameterdased
on the assumptiorof collinearity. In everycasethis diametemwasdesignedo beless
than that demonstratedoy Dold (1998) as giving rise to significant geometric

TasLE V. Summaryof networkadjustmenfor Kodak ES1-Ocamerawith Kern-Paillard10mm /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 (um) residual precision
1 5.4 1.02 047 3:30 1:41000
1/4 11 255 1-1 4-6 1.26 057 4-12  1:34000
1/16 3.5 118 054 345 1:36500
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TaeLE V. Summaryof networkadjustmenfor Kodak ES1.0camerawith 12.5mmf/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 (um) residual precision
1 58 0-81 0-37 2:45 1:59500
1/4 11 255 14 4.9 1.07 049 2:86 1:45000
1/16 39 1.01 046 255 1:47500

TaeLE VI. Summaryof networkadjustmenfor Kodak MegaPlusl.61 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 (um) residual precision
1 255 7-2 1.01 046 3-08 1:52500
1/4 11 255 1.7 55 1-01 0-46 2:27 1:52500
1/16 212 39 0-81 037 2.06 1:61500

TaBLE VII. Summaryof networkadjustmentfor Kodak MegaPlusl.6l camerawith 16 mm f/2-8“F” mount
Nikkor quasi-fisheydens.

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 (um) residual precision

1 255 8-5 0-79 0-36 249 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 networkadjustmenfor aKodakMegaPlusl.6l cameravith 20mmf/2-8“F” mount
Nikkor rectilinearlens(City University network).

Mean
Computed imaged

Max. target target Target Target

Flash grey  diameter diameter

R.m.s. Max. Object
setting f/stop value (pixels) (pixels)

image image Sigma image image space
centre edge zero (um) residual precision

1 255 82 1.10 0-49 299 1:46000
1/4 11 255 2:2 5.6 1.03 0-46 276 1:49500
1/16 252 4.2 0-95 0-42 1-89 1:53500

TaABLE IX. Summaryof networkadjustmenfor aKodakDCS420camerawith 20mmf/2-8“F” mountNikkor
lens(University of 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 (um) 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 networkadjustmenfor anINCA Megaplus4.2i Camerawith Japanes&7mm{/3-5
fixed focuslens (University of 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 (um) images precision
2 35 255 7 4.7 12.3,18:-6 0-96 75 1:23500
0 35 255 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 networkadjustmenfor anPulnix9701Progressiv&canCameravith aFujinon9 mm
f/1-4lens(University of Melbournenetwork).

Mean
Computed imaged

Max. Back- target target Typical R.m.s. Object

grey ground diameter diameter target image space
fIstop value level (pixels) (pixels) images (um) precision

2:8 255 12 4.5 1.16 1:9000

56 255 11 2-8 4.1 1-42 1:6000
11 170 11 31 0-80 1:18000

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

Therearetwo majordifferencesetweemetworkadjustmentsarriedout at City
and thoseat Melbourne.Firstly, the City testfieldis inherently more three dimen-
sional than thoseusedat Melbournein that targetsare spreadout over a range of
distancesn all threedimensiongatherthanat a pair of discretedepths.Secondlythe
targetdiametersusedat City are designedo be of the sameorderasthe resolution
limit of the camerasystemsin order to minimize geometric effects. Those at
Melbourneare larger and are probably representativef typical diametersusedby
commercialsystemdor practicalapplicationslt shouldbe notedthatthe collinearity
basedcomputationof targetsizeassume®nly a mathematicapoint to point projec-
tion. The imaging processgenerallygivesrise to a spreadingof light with the result
thatall imagedtargetdiametersare considerablylargerthanthosecomputedThis is
especiallytrue of thoseimagesfrom the City networkswhere imagedtargetsize
demonstratesconsiderable variation with electronic flash output. Further, by
analysingtargetimagesfrom eachof the City networksiit is possibleto detectdistinct
asymmetriesn targetimage geometrythat vary with radial distanceand lens type.
Someof thesevariationsare demonstratedn TablesIV throughto VIII underthe
columnheading‘targetimageedge”.Similar variationsin the Melbourneimageryare
alsoapparentut are of lower magnitudeprovidedthat blooming and readoutnoise
remaininsignificant.

TablesIV and V summarizeadjustmentscarried out with the Kodak ES1.0
camerain singletap modewith 10mm and 12-5mm lensesrespectively With both
of theseconfigurationsjmagedtargetdiameteris a function of exposuresincethe
small targetsare not resolvablewithout appropriateretrotargetillumination. In both
of thesetables, it is readily apparentthat edge targets exhibit significant and
systematigeometriadifferencesattributableto opticalaberrationThe edgetargetsin
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TablelV havebeenextractedfrom the top right quadrantof the image,whilst those
in TableV havebeentakenfrom the top left. Within eachtable all networksand
observationsresimilar with ana priori variancefactor of unity. Consequentlgigma
zero,the a posterioriestimateof unit weightor squareroot of the variancefactor,can
be regardedasrepresentinga global adjustmentquality measurewithin eachgroup.
For both of the ES1.0datasets,the quality of eachadjustmenimproveswith mean
imagedtargetdiameter.This is to be expectedwithin this setassubpixelaccuracyis
dependenbn a minimum targetimage diametergreaterthan a few pixels.

Tables VI and VIl summarizethe network adjustmentscarried out using a
Kodak MegaPlusl.61 camerdfitted with a 15mm f/3-5“F” mountNikkor rectilinear
lensanda 16 mmf/2-8“F” mountNikkor quasi-fisheydéensrespectivelyln this case,
it is apparenthatthe imagestakenwith the 15mm lensexhibit greatertargetimage
geometrychangesacrossthe formatthanthosemadewith the 16 mm fisheyelens.In
direct comparisonwith the ES1.0data,the smallerunsaturatedargetimageswith
diametersof betweenfour and five pixels are thoserequiredto produceoptimum
network precisions Given otherwiseidenticalnetworks,this canonly be attributable
to more consistenttarget image shape. Similar results are seenfor the 20mm
rectilinearlens (Table VIII), but dueto its less extremelens design,variationsin
targetimage geometryare not as obvious nor as influential in termsof adjustment
precision.

All imagestakenas part of the University of Melbournenetwork testinghave
beenmadewith largertargetsthat give rise to computedtargetimage diametersof
betweenthree and ten pixels. As a consequenceresults from theseadjustments
exhibitmuchreducednfluencefrom variationsattributableto lensaberrationinstead
clear trendsin most data setsindicate the effects of flare, read out and blooming.

The adjustmentsvith the DCS420andGSI INCA camerashavebeenmeasured
and computedusing GSI V-Stars software.Integratedwithin the V-STARS adjust-
ment is an automatedimage measurementejection procedure.This procedure
removesmageobservationgrom the adjustmentf their computedresidualis greater
thana factor basedon the r.m.s.imageerror. The aim of this is to removeoutlying
image observationssuch as those attributableto partially obscuredtargetimages.
However,it shouldbe notedthat unlessthis procedurds linked to informationabout
targetimage quality and location within the image format it cannotreliably dis-
tinguishbetweengood andbad observationsA similar procedurds availablein the
VMS softwareusedfor the City networksbutto simplify thisinvestigatiorthefeature
was turned off.

FromTableslX andX, which arederivedfrom setsof adjustmentsncorporating
a dozen frames from six convergentstations, it can be seenthat the highest
adjustmenprecisionsare achievedwith saturatedargetimages.If exposures little
abovesaturationare made,blooming becomegaramountparticularly for the INCA
systemasits 4.21 sensorhasa 100 per cent pixel fill factor and no antiblooming.
Significantread out and blooming are seenin the first two INCA networkswhere
performances seriouslyimpaired despiteautomatedrejection. Such effects, if not
eliminated by careful control of exposureand subsequentnalysisof retrotarget
image shape,can be expectedto have seriousaccuracyrepercussionss the r.m.s.
object co-ordinatediscrepancybetweenthe first andlast INCA networkswasfound
to be 0-8mm. It must, however,be stressedhat this camerasystemappearsapable
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 takenfrom six convergentstationsand a
centralstationwith four orthogonalrolls. The 34 imagedtargetsarearrangedn two
planeson a calibrationtrolley. In all cases,despiteoptimum exposure significant
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Fic. 10. Moving averageadial adjustmentesidualprofile for 20mm lens.

readoutandin somecasesloomingis apparenin thetargetimages(TableXl). This
has resultedin very low object spaceprecisions,even for targetsimagedwith a
maximumintensity of 170 grey values.

(i) Someeffectsof radial errors attributableto systematiovariationsin target
imageshape.Theimagesfrom the City networksdemonstratesignificantsystematic
targetimagegeometrychangeswith radial distance Sucheffectsarenot prevalentin
the Melbournenetworks.Whilst further experimentatiotis required,it is thoughtthat
this differenceis attributableto and enhancedy two major causes:

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

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

Sincethe physicaleffectsseenare predominantlyradial, an analysisof the residuals
from eachnetworkadjustmentould be expectedo demonstratesystematidrendsif
theradial effectis not adequatelymodelledwithin the bundleadjustmentprocessby
lensdistortionparameterskigs. 10, 11 and12 areplots of the moving averageof the
radialcomponenbf all imageresidualdrom all of the adjustmensetsfor the20mm,
15mm and 16 mm lenses,respectively.In eachcase,the radial componentof the
photoco-ordinateresidualsof eachtargetimage location has beencomputedthen
smoothedy computingsequentiatetsof 100radialimageresidualsif no significant
systematieffectsor signalarepresentthe expectatiorwould be a horizontalline. In
the caseof Fig. 10 correspondingo the 20mm rectilinearlens, it can be seenthat
whilst thereis a slight upward trend any unmodelledradial effects are within the
0-2um band.The causeof the peakat a radiusof 2-5mm to 3-0mm in the residual
profile for the 20mm lensis unknown.Fig. 11 is derivedfrom the 15mm rectilinear
lensadjustmentdata.In this casethereis a significantincreasein unmodelledradial
distortionapproaching-6um or 1/15thof a pixel onthe 1.61 AB sensorThegreater
signalin this caseis expectedsincethe extremedesignof the 15mm optic demon-
stratedsignificant aberrationeffectsin both 2D and 3D tests.Fig. 12 presentshe
resultsfor the 16 mm fisheye optic. Here the signal is less extremethan that of
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the 15mm lensamountingto 0-4um. A muchmore detailedanalysisof the physical
causeof theseeffectsis necessanpeforeconclusionscanbe drawnbut any residual
systematieffectscanbe expectedo give rise not only to a degradatiorof adjustment
precisionbut alsoto a significantand unpredictablenvorseningof accuracy.

CONCLUSIONSAND FURTHER WORK

Whilst extendingboth the easeof useandattainablemeasurememjuality using
targetbasedtechniquesthe increasingimage quality offered by digital camerass
exposingdiscrepanciesn our understandingand ability to model the photogram-
metric processThis paperhasidentified that optical aberration,CCD bloomingand
readoutcan give rise to severallargely unmodelledbut significantsourcesof error.
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Theseerrors,if presentat a significantlevel, aredifficult to removeeffectively within
the bundle adjustmentprocess Establishedejectionproceduresasedon abnormal
targetimage shapedetectorsand the automatedejection of abnormalobservations
cansignificantlyimprovethe quality of anadjustmentbut cannotreplaceinformation
lost thoughpoor initial imagery.

From the experimentakvidencecollectedso far, it is possibleto makeprelimi-
nary recommendationsoncerningthe useand choiceof digital camerasystemsfor
high precisionphotogrammetrizse.Howeverin applyingtheserecommendationto
practicalsituations,it shouldbe rememberedhat the work conductedor this paper
haspushedthe systemsutsidethe imagequality constraintshat are associateavith
good photogrammetrigractice.

Given the performanceof the lensestestedin this paperand the photogram-
metrist’'s continueduse of “off the shelf” optics, it is recommendedhat careful
testingandverificationis requiredbeforeany individual lenssystemis usedto make
measurementthat are designedto achievevery high accuraciesAlso importantis
justification of a choiceof sensorwith minimal antiblooming,as optimal resultsare
achievedat or just below saturationwhich in suchsensorsmay invite readout and
blooming effects. The combinationof theseand other effects must therefore be
routinely monitoredor controlledby a careful choice and understandingf optical
performancegxposurecontrol and, if appropriate by the inclusion of CCD sensor
antibloomingfeaturesat the expensef pixel fill factor.Particularemphasisnustalso
be placed upon the simple planar teststhat demonstratedhat optical aberrations
associatedvith differencesbetweenthe imagingcharacteristicef axial and paraxial
rays can give rise to significantdifferencesin imagedtargetshapewith changein
aperture Whilst suchchangesanagainbe minimizedin practiceby the adoptionof
carefully designedvorking proceduresthe detectionof anytargetshapechangewith
apertureinfers that significantlens aberrationis present.

Comparisonbetweenthe 16 mm quasi-fisheydens and the equivalentl5mm
rectilinearlens demonstrateshat, provided that retrotargetsare the primary image
contentthefisheyedesignis capableof providing superiortargetimagemeasurement
precision when comparedto extremerectilinear wide angle designs.The quasi-
fisheye lens realizesfavourableresults attributableto a lesseningof targetimage
ellipticity and more evenillumination acrossthe format.

The observedphysicaldifferencesin targetimage shapebetweenthe City and
correctly exposedMelbournenetworksrequirefurther investigation At this stage,it
canonly be reasonablyconcludedthat, whilst small targetsizeswill minimize the
effectof ellipsoidalimagerywhenusing centroidalgorithms,their imagedsize must
be largeenoughto providesufficientimageinformationandmustnot be so smallthat
lens aberrationeffectsbecomeparamountResearchs thereforerequiredutilizing a
rangeof targetsizesandrigorousaccuracytestingto reliably quantify andcategorize
both the physical causesand practical significanceof the effects describedin this
paper.Further,in casesvhereaberrationeffectsare significantit shouldbe possible
to combinea knowledgeof lens designand establishedmathematicalmodels for
Seidelaberrationsto efficiently accountfor the systematiceffects demonstratedn
this paper.
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Resunie
Les systenesimageursbases sur la technologieactuelledescanigas

numeiques,sontd’un usagetrés répandudansles applicationsnéecessitant
desdéerminationsde hauteprécision. On utilise courammentes cameas
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numeiques a DTC, soit isolement, soit disposes en rangee, avec leur
dispositif d’éclairage en anneau, pour saisir l'image de cibles
réflechissantes grand contrasteplaceessur les objetsa desemplacements
bien dé&finis permettantde mateialiser des points caracteistiques. |l faut
effectueravecprécision et exactitudda mesuredespositionsdesimagesde
chaquecible si I'on veut respecterdes tolérances convenablessur les
objets.Méme si I'on peut obtenir sansaucundoute d’excellentsrésultats
avecde tels systenes,il n'est pasinutile de préter attentiona I'influence
pratique de la qualite de I'image descibles sur le processugie dgermi-
nation photogrammgique. Apres un rappel de quelques propriétés
optiquesconcerries dansl'obtention de I'image de cibles réfléchissantes,
on examinedanscetarticle les possibilites de touteunegammede systenes
a cameas numeiques a fournir desimagesde cescibles qui conviennent
tout a fait au processusde mesure.On présente égalementquelques
résultats expeimentaux, comprenantceux ol I'on a mis en ceuvredes
matrices planes de mires réflechissantesde différentestailes, vues sous
differentsangles,avecdifféerentesexpositionsainsi qu'unesaie d'analyse
d’un réseauou I'on a fait varier systenatiquemente niveaude l'intensite
de l'image de la mire.

Zusammenfassung

AbbildendeSystemedie auf der gegenwaigen Technologiedigitaler
Kamerasberuhen,sind bei hochprazisenMelRanwendungeweitverbreitet.
Eine einzelnadigitale CCD-Kameraoderein VerbandsolcherKamerasdie
mit einer Ringblitzeinrichtungausgestattetsind, werden in der Regel
genutzt, um kontrastreiche Abbildungen von selbstreflektierenden
Zielzeichenam Objekt, mit denendiskrete Positionenzur Signalisierung
von interessierendeiunktenbezeichnetverden,zu gewinnenDie genaue
MessungedesmarkiertenZielpunktesst eine fundamentaleAnforderung,
wenn geeigneteMe3toleranzererhalten werden sollen. Wéhrend solche
Systemezweifelsohnevorzigliche Ergebnisseliefern konnen, mul den
praktischen Einflussen der Abbildungsqualita der Zielzeichenauf den
photogrammetrischeMeRprozelsorgfdtige Beachtunggeschenkiverden.
Daher werden einige Grundlagen der optischen Abbildung von
Retrozielzeichenaufgefrischt und die Eigenschafteneiner Reihe von
Digitalkameras zur Erzeugung von Bildern von selbstreflektierenden
Zielmarken, die fir den MelRprozel3geeignetsind, untersucht. Einige
experimentelleErgebnissewerden angegeben,darunter die Abbildung
ebenerAnordnungernvon RetrozielmarkerunterschiedlicherGrol3e unter
verschiedenerwinkeln und bei unterschiedlicherBelichtungenund eine
Serievon Netzwerkanalyserei denendie Intensitd desZielmarkenbildes
systematisclverandert wurde.

248 PhotogrammetridRecord 16(92),1998



