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Abstract

Correction for image distortion in camerashas beenan important
topic for as long as users have wanted to faithfully reproduceor use
observedinformation. Initially the main application was mapping.While
this task continuestoday, other applicationsalso require precisecalibra-
tion of cameras suchas closerange three dimensionalmeasuremenand
many two dimensionalmeasurementasks.In the past, the camerasused
were few in numberand highly expensivewhereastoday a typical large
industrial companywill have many inexpensivecamerasbeing used for
highly important measurementasks.Camerasare used more today than
theyeverwerebut the goldenage of cameracalibration for aerial mapping
is nowwell in the past. This paperconsiderssomeof the keydevelopments
and attemptsto put theminto perspectiveln particular the driving forces
behindeachimprovementavebeenhighlighted.

KEy worDs camera calibration, close range photogrammetry, lens
distortion

INTRODUCTION

A cAMERA consistsof an image planeand a lens which providesa transformation
betweenobject spaceand image space.This transformationcannot be described
perfectlyby a perspectivaransformatiorbecausef distortionswhich occurbetween
pointson the objectandthe location of the imagesof thosepoints. Thesedistortions
can be modelled.However, the model may only be an approximationto the real
relationship How closelythe modelconformsto reality will dependonthemodeland
how well the parameter®f the model canbe estimated Choosingparametersvhich
are both necessaryand sufficient has taxed thoseinvolved in the processof lens
calibrationfor aslong aslenseshavebeenusedto make precisemeasurements.
In recentyearslenscalibrationhasreceivedessattentionthanin the periodfrom
1950-1970:This may be attributedto the maturity of understandingf aeriallenses
which in the pastprovidedmuchof the stimulusfor the developmenbf modelsand
calibration methods. Also, the widespreaduse of self calibration using bundle
adjustmenmethodshasmeantthata high level of performancénasbecomecommon-
place.It may be arguedthatthe currentstatic situationmeanshatthereis no further
researchnecessaryHowever,the developmentof cameracalibration methodsand
modelshasalwaysbeeninterspersedvith periodsof relative stability. The demand
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for high speedcontinuousmeasurementising large sensorarraysmay require new
advanceso be made.

This paperconsiderdens calibrationmethodsfor closerangephotogrammetric
purposeswith the objectiveof analysingwhetherthereare lessongo be learntfrom
pastresearctanddevelopmentlt is hopedthatthe paperwill providea goodstarting
point for thosewho wish to conductresearchinto lens calibrationfor closerange
photogrammetryA listing of 91 articles on aspectsof cameracalibrationfor the
period 1889 until 1951 is provided by Roelofs (1951). Someof thesearticles are
briefly referencedn the following sections althoughthe emphasishereis more on
the developmentof models for lens distortion and the evolution of methodsto
measureand accountfor that distortion.

STEREOSCOPIOMAPPING

The earliestusesfor photogrammetrywere in mapping. The proceduresused
were more qualitativethan quantitativeand the equipmenttook little accountof the
problemsassociatedvith geometricerrorsintroducedto the imagesby the camera.
Aerial photogrammetricmapping had to wait until the developmentof reliable
aircraftin the eraof the First World War. Before this time, terrestrialcameraswvere
usedto carry out somemappingoperationslt is worth noting the pioneeringcamera
calibrationwork of Deville in CanadgField, 1946)who hadestablishedh laboratory
in 1910 with collimatorsto calibratecomponentsf his “surveying camera”,along
with otherequipmentsuchas levels and transits.

Experiencesluring the First World War haddemonstratedhe benefitsof aerial
surveyingand, linked with developmentsn early stereoscopi@lotting instruments,
it soonbecameobviousthat, to achievehigheraccuraciesn stereophotogrammetric
measurementsomeknowledgeor calibrationof the lenssystemwasnecessaryThe
first aerialcamerato be calibratedn Canadavasin 1920andtheimportantconstants
determinedwere the principal distanceand the location of the principal point. An
autocollimationmethodwas employedto discoverthe principal point. A geodetic
theodolitewasusedto observethe anglesthroughthe lensto a grid plate containing
finely etchedcrossedo computevaluesfor the principal distance By examiningthe
rangeof principal distancescomputedalong one or more radials along the image
plane,a “calibrated” value was selectedo minimize the averagedistortion. For the
next 30 years,the techniquesemployedin Canadawere basically the same,with
refinementoccurringnaturally as standardof measuringequipmentimproved.The
techniqueshave beengiven the generictitle of “visual calibrations”,as opposedo
“photographiccalibrations”which were to assumepre-eminencdrom the 1950s.

In the USA, governmentagenciesstartedto submit camerasto the National
Bureauof Standarddor calibrationshortly after the First World War. Visual optical
bencheswverefirst usedwith resultssufficiently precisefor the requirement®f aerial
photogrammetryat that time (Washer,1957b).In the late 1930s,a precisionlens
testing camerawas developedat the US Bureau of Standardsand employedon
camerecalibration(Gardnerand Case,1937).By the late 1940s,the volume of work
had grown andtherewas a needfor greateraccuracyand for equipmentwhich was
easieno operate A cameracollimator basedon a bankof 25 collimatorsarrangedn
the form of a cross(six collimatorson eacharm symmetricto a centralcollimator)
was designedWasherand Case,1950).

For mappingapplicationsthe earliestsolutionsto the problemsassociatedvith
largeradial lensdistortionswere by direct optical correctionwherebythe imagewas
re-projectedhroughthe cameraandlens systemwhich had capturedit. This system
wastermedthe Porro-Koppeprinciple afterthe scientistavho perfectedt in thelatter
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part of the 19th century.In this mannerthe geometricdistortionsin the imagewere
cancelled Similarly, in the Multiplex system the original aerialphotograptcaptured
with a Metrogon lens was re-projectedthrough a reduction lens system which
correspondedvith the distortionvaluesfor a nominal Metrogonlens. This provided
a small (50x 50 mm) transparencyvhich wasthenusedin the projectorsystemfor
stereoscopicviewing and plotting (Baker, 1980). Other correction mechanisms
employedincludedthe useof a distortioncorrectioncamin the Kelsh plotterto vary
the equivalentfocal length,andthe useof aspheriadistortioncompensatinglatesin
stereoplottersuchasthe Wild Autograph.Numerousvarietiesof correctioncurves
andgraphswere compiledto correctparallaxvaluesor elevationsat any given point
in stereomodelslt was noted that their applicationbecame“very tedious” (Bean,
1940).

The SecondWorld War causeda dramaticincreasein the useof aerial photo-
graphyfor reconnaissancand mappingso that by the late 1940sthere was inter-
nationalrecognitionthat somestandardizatiorof techniquesfor cameracalibration
would be beneficial. Mapping for military purposeswas a driving force (Corten,
1951) and partially as a result of the International Congressof Photogrammetry
in 1948, a meeting betweenrepresentative®f cameracalibration authorities of
various Europeancountrieswas held in Paris in late 1950. The results of their
deliberationswere discussedat a meetingof the American Society of Photogram-
metryin Washingtorin Januaryl951.Topical opinionson calibrationwerepresented
by cameramanufacturersgalibration authoritiesand academicphotogrammetrists,
and reviewed in a panel discussion.Representativesrom North American and
Europearcountrieswere presentThis meetingwasprobablya directconsequencef
the post-wamappingboomanda seriousattemptat understandinghe methodologies
for cameracalibrationemployedin different countries.

Therelativepaucityof stereoscopior othermapplotting equipmenivhich large
organizationsuchasthe US CoastandGeodeticSurveyheldin 1950is alsorelevant
to this discussion.Tewinkel (1951) notedthat they had one Zeiss Stereoplanigraph
and a total of only sevenMultiplex or Kelsh plottersfor productionpurposesHe
further stated”... a greaterbulk of photogrammetrianappingis being performed
without specialinstrumentsotherthana stereoscope’The majority of the work was
being done by “... radial plotting and manual graphic compilation”. Radial line
plotting methodsareinsensitiveto radial distortions,but requirean accurateposition
for the principal point. There was little use of stereophotographyor accurate
heighting.

The contentiousssuesof the day concernedhe location of the principal point
(or a point wheredistortionswere symmetric),the intersectionpoint of the fiducial
marks, and the “calibrated” focal length (see,for example,Pestrecov,1951). By
varying the value of the focal length, a radial distortion curve resulted which
essentiallychangedalmostlinearly with radial distanceanddistortionerrorscould be
reducedo anamountunder + 20 um. This newvaluefor the focal lengthwastermed
(by some)the “calibratedfocal length” andwasthat valuewhich best“balanced’out
theradial distortioninto equalamountsof positiveandnegativedistortion.Hencethe
large(by today’snorms)radial distortiondid not seemto representausefor concern,
given the radial natureof much of the stereoplottingOdle (1951) notedthat*“... in
automaticplotting instrumentsa standardradial distortion is assumedand corrected
for”, with the uncertaintyin the radial distortion curve for the new Williamson and
Rossaerial surveylensesnot to exceed+ 20 um. This “standard”lens had a radial
distortioncurveof 160 um ataradialangleof 35° from the principal point. This value
agreesclosely with that quotedby Pestrecov(1951) from the Bauschand Lomb
Optical Co. which claimed®“... the astonishinglylow value of 0-1%...” (equivalent
to 150 um) for a Metrogonlens.
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Thereportsof their meetingprovideaninsightto theresolvingpoweror imaging
quality of the lensesand films of the day. This is a factor which should not be
overlookedin this generaldiscussionaboutthe evolutionaryprocessesn lens and
cameracalibration.Katz (in discussionin Sanders1951)statedthat”... it wasnota
simplematterof statingwhich of two lenseswerethe bestsimply becausenecould
resolve 1000 lines per millimetre and anotheronly 50.... out in servicewe most
frequentlyget 15 or 12 or lower”. Macdonald(1951)alsomentions12 lines permm
resolution, so for general aerial photogrammetricpurposesthere was not much
pressureon finding a better theoretical,or empirical, solution to the tangentialor
prism effect. However,sucheffectswere beginningto exercisethe mindsof special-
ists at the variousnational calibrationauthorities.

Severalphotogrammetristtad mentionedthe problemsof the tangentialeffect
after the SecondwWorld War. Therewas no methodto correctfor theseasymmetric
or tangentiadistortionswhich weresometimesermed‘decentring”(misalignmenof
lens componentgelative to the optical axis) or equivalentto a “prism” effect (the
effectarisingfrom a thin prism placedin front of a lens,for example,Odle (1951)).
Pennington(1947) discussedangentialdistortion and its effect on the photogram-
metric extensionof control. Since slotted templatesand other radial line plotting
techniqueswere being extensively used, any effect such as tangential distortion
(which causederrorsin anglesbasedon the principal point) hadto be investigated.
Gardner,Chief of the Optical Instrumentssectionof the US Bureauof Standards
(1949) stated”... tangentialdistortion in which all photogrammetristare now so
muchinterested.. mustbe dueto faulty glassor to imperfectcenteringof the lens
components”"Howeverhe notedthat*... furtherimprovementgin lensdesignswill
only give diminishingreturnsbecausef the differential shrinkageof the film base”.
He thoughtthat oncevaluesof the lensdistortionsof 20 um to 30 um overthe entire
negativewereachievedglassplateswould onceagainhaveto be usedbut this would
requiremore accuratecalibrationprocedurego be devised.

Against this backgroundof concentrationon accuracyin a radial direction
from the centreof the image plane,it was understandabl¢hat a meetingin 1951
raisedconcernsaboutthe problemswhich could occur with lenseswhich exhibited
tangentialdistortions(for example Pestrecov1951).He concludedthattheseshould
be kept below an “acceptablestandard”and their determinationwas encouraged,
althoughif the tangential distortion was greaterthan approximately30 um then
that lens should not be usedfor aerial map production (seealso Hothmer, 1958).
Washer(1957a)suggested .5 um asthe acceptablétolerance”for tangentialdistor-
tion.

Another facet of total cameracalibrationwhich did not receivemuch attention
duringthistime, butis now knownto be of primaryimportanceconcerngheflatness
of theimagingmedia.Macdonald(1951),who wasan academiaepresentativeather
thana memberof a nationalcalibratingauthorityat the 1951 meeting,mentionedhe
need for “...calibration of the lens, cameraand photographic material combi-
nation...” usingthetechniqueto be“... employedin practice”.He did not singleout
the imageplatenfor specialmention,but clearly had a biastowardsfield calibration
proceduresover laboratoryoneswhere the lens and camerabody were often cali-
bratedin isolation of the film backing plane. The national authoritiesin Canada,
Englandand the USA did not seemto sharehis viewpoint and concentratedheir
effortson laboratorytechniquesln 1955,Carmanpublisheda paperentitled“Control
andinterferometricmeasurementf plateflatness”’andbroughtto wider attentionthe
importanceof this aspectof total cameracalibration.

Oneauthoritywhich favoured“field cameracalibration” techniquesvasthe US
Naval PhotographidnterpretationCentre.Merritt (1951) discussedseveralcamera
calibrationtechniquedut indicateda strongpreferencédor eitherthe methodsusing
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the goniometeror starexposure He suggestedhat all other methodssuchasthose
involving collimators®“... are regardedas expedientswith particular applicationto

non-metricalcameras”Clearly the starexposurenethodcould captureanyirregular-
ities of the film flatteningor réseauplateif film were used,but mostly theselarge
camerasisedglassplateswhich werereasonablyflat. The flatnessof pressureplates
for film camerasdid not seemso importantin 1951, probably becauseof the

previouslymentioneduncertaintiesn film distortionandthe generalevel of accuracy
in the calibrationprocess.

The Vlith InternationalCongressof Photogrammetryn 1952 adopteda Resol-
ution of Commissionl which suggestedhat the calibration of camerasby photo-
graphicprocedurewnas preferableto visual methods althoughthe latter could still be
usedif they gavethe sameresultsto within the requiredaccuracy.Visual methods
using the goniometerhad more frequentlybeenappliedin Europe,whereasgreater
usehadbeenmadeof field andcollimatormethodsn Canadandthe USA (Hothmer,
1958).Carmanand Brown of the National ResearctCouncil of Canada1956)were
finding consistentdifferencesby using photographictechniquesfrom the visual
calibration data supplied by the manufacturers Calibrated focal lengths usually
exceededhe manufacturer'svaluesby 10 um or 20 um andradial distortion values
were averaging6 um higher with peaksup to 17 um. They concludedthat the
differencescould be attributedto chromaticdifferencesof distortionas seenby two
spectrallydifferent receiversand claimedthe visual test procedureusedthe wrong
chromatic sensitivity since the minus-bluefilter was usually not included in the
testing.Their resultsemphasizedhe necessityof calibratingair surveycamerady a
procedurewhich closely simulatedthe conditionsof use.

Therewasa gooddealof discussiorin the mid 1950saboutradial distortionand
its presentatiorin a form which would be easilyunderstoodand not misunderstood)
by thoseinvolved in the mappingprocessLewis (1956) elaboratedn the natureof
the radial distortion curve and how its magnitudewas a direct function of the value
chosenfor the equivalentfocal length of the camera.He arguedagainstproducing
multiple radial distortion curves,eachrelatedmathematicallyto a particularvalue of
thefocal length.He proposedh curveof distortionbasedon variationsof focal length
insteadand concluded'... thatthe usualmethodof presentingdistortiondatacarries
with it the pitfall of misinterpretatiorinto which the ordinary useris very likely to
fall”. It doesnot seemthat his recommendationsere followed.

Considerablesariationsin calibrationresultsfor the sametype of camerawere
notedby Hothmer(1958). He believedthat they were due to manufacturingimita-
tions, especiallywith regardto slightly differing refractiveindicesin the batchesof
glasslensesfrom one productionseriesto the next. A testof 276 Metrogonlenses
showedradial distortion differencesup to 50 um although50 per cent of all radial
distortioncurvesfell within a £ 10 um envelope Thesetestsdemonstratethe size of
errorswhich could reasonablybe expectedto occurfrom standardcorrectionplates
fitted to stereoplottingnstruments.

Hothmer(1958)alsodiscussedhe effectsof variationsin temperaturdrom the
calibration laboratoryto thosewhich might be expectedin flight. A difference of
50°C waslikely (20°C to — 30°C) and he reportedthat few testshad thusfar been
conductedon this effect. A Toparlensanda Pleogonlenshadbeenplaced”... in a
big refrigerator’at — 20°C for three hoursand when testedthe resultingdistortion
curvesvaried“... in the orderof +5 um”. Hothmer'sthoroughpaperalso investi-
gatedthe flatnessof suctionplatesandthe flatnessof the glassplatesfor photography
madeby GevaertHe concludedhatradialdistortionsfrom 5 um to 20 um couldalso
be producedby thesetwo error sourcesrespectivelyand further notedthat if film
wereto replacethe glassplates thenirregularshrinkagecouldintroduceerrorsof the
samemagnitude.In an attemptto addressseveralof the deficienciesof laboratory
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tests,hereportedon a practicalcalibrationtestmadewith photographyover Swedish
lakesin the Spring. They were just melting and somedefinition was visible on the
otherwiseflat surface.Stereoscopi@airs were examinedand from deviationsin the
derived elevationsof the surface,radial distortion curveswere produced.Hothmer
discussedhis practicalmethodof calibrationand noted that althoughit possessed
many advantageshreemajor disadvantagewereits dependencen the accuracyof
the stereoplottinginstrument,the effects of film instability, and platen unflatness.

Thompson(1957) discussedhe geometricaltheory of the camera His interest
was in instrumentdesignresultingin the Thompson-Wattsand CP1 plotters.As a
result he was concernedwith the cameramodel and defectsin the constructionof
camerashe states'... anytreatment.. thatcannottakethe constructionallefectsin
its stride,in particularbasingthe theory on the model of perspectiveprojectionwith
axial symmetryasan essentiaconcomitantjs not likely to proveanadvantager be
free from ambiguities”.He went on to describea methodwhich, for the equipment
intended allowedconstructionablefectsanderrorsof observatiorin calibrationto be
included.

Hallert (1963) discussedhe methodof leastsquaresappliedto multicollimator
cameracalibration. He achieveda combinedresectionand cameracalibration and
repeatedhis tests with both film and glass plates. Apart from providing some
statisticalsignificanceto the radial distortion curvesand other parameter®f camera
calibration which he computed,Hallert noted a significant differencein the radial
distortion curvesfound from film and glassplates.“This indicatesthat there are
additional sourcesof this regular error in the film negatives,probably causedby
lacking flatnessin the supportingback of the magazine”.

In the 1950s,those involved with the manufactureand calibration of aerial
cameraswere obviously concernedwith the investigationand discussionof the
characteristicef lensdistortions.Otherscientists/photogrammetrisigerealsowork-
ing on this problem,but their reportswere of a more confidentialnatureanddid not
reachthe public domainuntil Brown publisheda seriesof significantpapersin the
1960s. Thesereferredto previously confidentialUS Air Force Missile Test Base
experimentsf the mid to late 1950s.

Note on Multicollimator Calibration

Cameracalibrationusing an array of collimatorswhich are arrangedn known
locationsis a well developedmethodfor calibration of aerial camerasat infinity
focus. The basicschemes illustratedin Fig. 1 where eachcollimator producesan
imageat infinity of anilluminated cross-hairon the imageplane.

In Canadathe CanadiarNationalResearclCentreinitially useda visualmethod
from 1931butintroduceda photographidechniquen 1955assignificantdifferences
betweenvisual and photographicmethodswere found. A secondgenerationphoto-
graphicmethodwas developedby 1969 which employedcollimatorsto produce43
targetsat infinity with an angular spacing betweencollimators of 90/32 degrees
(CarmanandBrown, 1978; Carman,1969). Off-axis parabolicmirrors were usedto
eliminate chromaticaberration.The direction definedby eachcollimator (aperture
63 mm diameter)could be consideredndependenbf the sectionof the lens(defined
by the cameraaperturelhroughwhich the rayspassedTheseangleswereknown to
within 0-5second®f arcin radialandtangentialdirections.The photographiglates
were measuredto a routine accuracyof 1 um at any field position. The routine
calibrationaccuracyfor 99 per centof measuremenamountedto +3 um. The US
Geological Survey calibratedlensesfrom 1953 using a multicollimator (Karren,
1968). Their system comprised53 collimators which were mountedin a cross
formation. The camerawas setup in the following way. The front nodeof the lens
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Banks of collimators

Front node

Rear node
Focal plane

Fic. 1. Multicollimator calibrationscheme.

wasmadeto coincidewith the point of intersectiorof the 53 collimatorsandthefocal

planewassetperpendiculato the centralcollimator. Finally the cameravasadjusted
by tipping such that the plane parallel plate was perpendicularto the axis of the

autocollimatingtelescopgTayman,1974).

Note on the Stellar Calibration Method

The angular positions of starsare known to a high degreeof accuracyand
repeatability.Fritz and Schmid(1974) describedhe calibrationof the Orbigonlens.
The standarderrorin position of the starswaslessthan0-4 secondsOver 2420star
imageswerevisible on eachplate.A disadvantagef the methodwasthe requirement
to identify eachstar and apply correctionsfor atmosphericrefraction and diurnal
aberration.However, the large numberof observationsmeantthat a least squares
estimationprocesswas possible.Termsfor calibratedfocal length, principal point
(indicated) and principal point of symmetry, radial and tangentialdistortion, and
orientation of tangential distortion were used. The mean standarderror of an
observationof unit weight was about2-7 um.

Note on the Field Calibration Method

Field calibrationmakesuseof terrestrialfeatureswhich havebeensurveyedto
arelatively high degreeof accuracyto calibratecamerdensesThe advantagesf the
method lie in the accuracyof thesepoints, which have typically been surveyed
previously,in the fact that the cameracan be usedin conditionssimilar to which it
will operateand becausecalibration can take place at a similar time to use. A
disadvantagean be the presencdfor single cameracalibration)or lack (for multi-
cameracalibration) of three dimensionaldetail. Merritt (1948) describesa rigorous
methodfor “determiningthe principal distanceandthe photograptco-ordinate®f the
plate perpendiculato thefield”. Othervariantsof this methodhaveuseda tall tower
andconcentridargetson the ground,andlakeswhich wereconsideredcceptablyflat
but still had enoughdetail for stereophotographgHothmer,1958).
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THE INTRODUCTION OF AN IMPROVED MODEL AND SELF CALIBRATION

In 1965, Brown presentedhe resultsof someof his earlier experimentsat the
Annual Conventionof the AmericanSociety of Photogrammetrylater publishedas
“Decenteringdistortionof lenses”(Brown, 1966).In this paper,Brown reviewedthe
scientific work of the previous 40 years which had largely equatedtangential
distortionto the effect obtainedwhen placing a thin prismin front of the lens. He
showedhow the distortionwasentirely attributableto decentringandthat a rigorous
analyticalray tracingpaperby A. E. Conradyin 1919couldgive analternativemodel
formulation.He statedthat, dueto advancesn analyticalphotogrammetrid¢riangula-
tion, it was essentialto have a lens model accurateto the limit of his comparator
measurementgapproximatelyl um). Brown was almostscathingin the mannerin
which he stressedthat “... the thin prism model be abandonedentirely...and,
Conrady’smodel... providesthe more suitablemodelfor decenteringlistortion,the
validity of which in no way depend=n artificial compensatingnotionsof the plate
andcamera.”

Brown had beeninvolved with the photographyof the trajectory of rockets
againsta backgroundof starsand had usedthe preciselyknown locationsof some
200 starsto calibratea suiteof ballistic camerasAs early as1956,he had published
technical reports on the simultaneousdetermination of lens parametersand
cameraorientationand had developedthe bundle adjustmentas a meansof simul-
taneouslysolving for target co-ordinates,cameralocations and lens parameters.
He went on to state that since decentringand radial distortion could now be
effectively modelled, there was no impedimentto using “... any well-regarded
commerciallensof suitablefocal length,apertureandangularfield ... for it is image
quality throughoutthe format that now becomeghe overriding factorin the ultimate
determinatiorof metric potential”. This statementannow be regardedas heralding
anew erafor non-metricphotogrammetryvith focusabldenseswhich could provide
resultscomparabléo metriccamerasy usingBrown’s mathematicaimodelsfor lens
distortions.

Brown criticized the calibration techniquesof the US Coast and Geodetic
Survey. For example, he stated ... the ultimate effects of residual decentering
distortionareaccentuatedy the particularreductionemployedby the USCGS”,and
wentonto explainhow the calibrationmethodscouldhavebeenimproved.He further
stressedthat to gain the full promise of analytical photogrammetrictriangulation
proceduresaccuracie®f calibrationfour to five timesgreaterthanthoseconsidered
adequatdn conventionalmappingwere needed.Thesestatementsnust have been
quite provocativeat the time andindeedit wasseveralyearsbeforehis ideasgained
full acceptancein the world of cartographersmapping agenciesand govern-
ment authorities,many of whom would not have had the necessanawarenesof
computers.

LEAST SQUARES APPLIED TO COLLIMATOR CALIBRATION TECHNIQUES

In 1966, Hallert presentedhe resultsof his investigationsnto lensandcamera
calibrationsin which he usedthe method of least squaresto include redundant
observationgreprintedasHallert, 1968).He hadmadehis observationsvith the Wild
StereocomparatdBtK 824 at the US GeologicalSurveyand obtaineda precisionas
low as 0-6um. After the least squaressolution, his root meansquare(r.m.s.) of
residualsvasapproximately2-5um. Similar resultswereobtainedfrom leastsquares
analyseswhen the new multicollimator belongingto Wild Heerbruggwas usedto
complementa seriesof testsof an aerial cameralens madewith goniometersand
collimatorsbelongingto different Europearauthorities.He comparedhe resultsfor
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the radial distortion curvesfrom the laboratorycalibrationswith thosemadefrom a
testfield in Swedenwhereboth acetateandpolyesterfiims wereused.Therespective
r.m.s. valueswere 7-5um and 4-5um, indicating the improvementsin film tech-
nology which were occurring. Significantdifferencesin the radial distortion curves
(approximately30 um) were preseninearthe edgeof the format. Hallert notedthese,
but did not discussthem further, other than to suggestthere may not have been
enoughvertical control points locatednearthe edgeof the photographs.

At the sametime that Hallert (an academic)was demonstratinghe benefitsof
an analytical approachwith redundantmeasurementsthe Ordnance Survey in
Englandhad experimentedvith the useof precisetheodolitesfor laboratorycalibra-
tions to determineradial distortion (Sly, 1968). The OS concludedthat the useof a
goniometerwas a more suitabletechniquethan thoseinvolving precisetheodolites.
OS requirementsvere for about20 cameracalibrationsper year and their decision
wasbasedon the fact that, whenusinga goniometerjt took two personsonly three
hoursto completethe task. This waslessthan half the time takenby the competing
methods Furthermorethe OrdnanceSurveydecidedto only measurawo diagonals
ratherthan all four as*“... there was no significant differencein accuracy”. They
producedlistortioncorrectionsevery20 mm of radial distanceusinga computational
techniquebasedon graphicalinterpolationbut notedthat*”... graphicalmethodsmay
not be justified when electronic computing facilities are available”. Tangential
distortion was assumedo be negligible. In retrospect,this doesnot appearvery
enlightenecconsideringBrown (1966) had alreadyberatedthe USCGSmethodsand
Hallert had shownseveraladvantage$rom the useof redundantata.The dismissal
of tangentialinformation from the calibration processignoredthe understandingf
that topic which had been widely reportedby other calibrating authorities since
Penningtonsome 20 yearsearlierin 1947.In 1974, Hakkarainendescribedasym-
metric radial distortion differencesof up to 15 um in threeWild and Zeisscameras
which were calibratedalong all four semidiagonaldy a goniometer”... with an
approximatemarginof 1 um” (Hakkarainen,1974).

Noteson GoniometerCalibration Equipmentand Methods

Lenseswere generally calibratedat infinity focus using a collimator rotated
about the front node of the lens. The principle of autocollimationwas used for
location of the principal point. Hallert (1960) describedthe goniometerprinciple. A
precisiongrid was usedwith linesin a 10 mm spacedregulararray. The grid was
illuminated and its etchedpatternprojectedthroughthe lens. The illumination was
normally monochromaticA telescopefocusedto infinity, was directedtowardsthe
cameralens. The grid was projectedon the collimating mark of the telescopeand
could be adjustedinto coincidencethere. By pivoting the telescopeaccordingto
Fig. 2, theanglescould be measuredBYy recordingthe anglesto selectedntersection
points and knowing the grid spacing,it was possibleto estimateall of the camera
interior orientationparameters.

Many goniometersrequired the lens to be mountedwith the principal axis
horizontalandrotationof the camerato providethe desiredtwo axesof rotation.An
alternativegoniometerconfigurationwas similar to a theodolitein thata verticaland
horizontal axis were usedto measureanglesaboutthe point where two mutually
perpendiculamxescross(Fig. 3).

In this systema seriesof mirrors was usedto allow the userto standbeside
the instrument and set the collimator in line with a given cross on the grid
mountedin the focal plane of the lens. The angle was then read using another
eyepiece.
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Tlluminated grid

Camera

Collimator

Measured angle

Fic. 2. The moving collimator goniometermprinciple.

Horizontal axis of rotation, Vertical axis of

yrotation o 7]

Fic. 3. The Hilger andWattsvertical goniometer.

PLuMB-LINE CALIBRATION

In 1971,Brown producedanothersignificantpaper.On this occasiorhe detailed
the techniquehe had developedin which the test field consistedof a seriesof
plumb-lines.In a perspectiveprojection,theimageof a straightline will be a straight
line if no lensdistortionsare presentDeviationsin the imagefrom straightnessan
be directly relatedto the presenceof radial and decentringdistortion and Brown
describeda mathematicamodelto determinethe parametersf lensdistortionbased
on the imagesof straightlines. The useof the word “plumb” is interestingbecause
althoughBrown initially usedfine white threadstretchedoy plumb-bobswhich were
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stabilizedby immersionin containersof oil, no useis madein his formulationof the

verticality (andimplied parallelism)of the string lines. Later usersof this technique
havephotographedtraightlines which havevariedfrom the microscopicto a 10 km

stretchof level, straightrailway line in Australiafor the calibrationin situ of anaerial
camera(Fryerand Goodin, 1989).In his 1971 paper,Brown alsorevealedformulae
which could accuratelymodel radial distortion at a rangeof different focal length
settings.If the radial distortionparameterst two separatedlistancegfocal settings)
areknown,the valuesfor all settingsbetweerthemmay be accuratelyfound.Also he

detailedformulaefor variationsof radial distortion within the photographidield of

view. This is only of significancefor closerangecameraapplicationslf a camerais

focussedfor a particular finite distance,targetsat different distanceswill display
slightly different quantitiesof radial distortion.In 1986 someslight modificationsto

similar formulae for the caseof decentringdistortion were published (Fryer and
Brown, 1986).

Theadvantagesf the plumb-linetechniqueareworthy of mention.The formula
is reasonablysimple to programon a computerandit is a practicalmethodwhich
doesnot needelaboratdaboratoryor field equipmentA solutionis providedto the
parameter®f radial and decentringdistortion. It is easyto collecta large numberof
datapointsandtherebyobtaina reliable solutionfor the parametersAs an example,
if the calibrationof the lensof a camerais requiredat infinity focus,manybuildings
existin mostmoderncities with largevertical panesof glasswhich canbe imagedto
provide a setof vertical lines. By rolling the camerathrough90°, anotherimage of
“horizontal” lines canbe takenof the sameobject. Estimationof the location of the
imagedlines canbe performedat whateverinterval alongthe line thatis desired but
approximately30 to 50 points are regardedas sufficient. Six to ten horizontaland
vertical lines are usually digitized in this manneralthoughconsiderablesucces$has
beenreportedwith asfew astwo linesin eachorientationof the cameraprovidedthat
thoselines are nearto the edgeof the format areawherethe radial and decentring
distortionis at its greatest(Fryer et al., 1994). The useof the plumb-Iline technique
hasbeenreportedwith electro-optic(digital) camerasand automatedmneasurement
systemssince1986 (FryerandBrown, 1986).1t is particularly suitedto suchdevices
as line-following algorithmswhich can obtain the requiredco-ordinateinformation
without manualintervention.Onedisadvantagef the plumb-linetechniques thatthe
offsetsof the principal point from the centreof the fiducial axessystemcannoteasily
be determined(the absenceof this information canleadto significanterrorsin the
estimationof the decentringdistortion coefficients(Clarke et al., 1998)). The one
exceptionis in the unusualcaseof a “fish-eye” lens wherethe distortionsare very
large. For a determinationof the offsets of the principal point, which have been
shownby variousresearcherso be highly correlatedwith the parameter®f decen-
tring distortion (for example,Fryer and Fraser,1986), a laboratorytechniqueor the
useof the self calibratingbundle adjustments required.

ADDITIONAL PARAMETERS

Thedevelopmenanduseof the bundleadjustmenby Brown since1965,mostly
in conjunctionwith terrestrialphotographgseeZiemannand El-Hakim (1982)for a
brief historicaldevelopment)meantthatit wastheoreticallyand practically possible
to determinethe parametersf lenscalibrationsimultaneouslywith the determination
of thethreedimensionako-ordinate®f targets.This techniqguebecameknownasself
calibrationandis anespeciallystrongmethodasall imageobservationsfrom several
cameraviewpoints,contributeto the determinatiorof the unknownlens parameters.
Papersdealingwith self calibrationof aerial photographdeganto appearin 1972
(notably by Kenefick, Gyer and Harp). The ISPRSCongressof 1976 establisheca
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Working Group to study this techniqueand, by 1980, E. Kilpela showedhow the
Groupmemberdaddevelopedrery manydifferentsetsof self calibratingparameters
(alsoknown as“additional parameters”)Many of the additionalparametersppeared
to haveno foundationshasedon observablghysicalphenomenahut ratherhadbeen
increasinglyaddedto the mathematicamodel becausehey continuedto reducethe
size of the errorson the photographiglates.Brown (1972) had recognizedhe high
correlationwhich existedbetweencertainparameter&nd the locationsand orienta-
tions of the camerasFraser(1982) demonstratedhat the useof too manyadditional
parametersould actually weakenthe solutionfor the co-ordinatesof targetpoints.
The over-useof additionalparametersvas termed“overparameterization”.

ON-THE-JOB CALIBRATION

The developmenof the bundleadjustmentallowed new techniquedor camera
calibrationto be devised.One of thesewas termed“on-the-job calibration”. This is
a bundle adjustmentwith additional parameterdo describethe parameterf lens
distortion, focal length, offsets of the principal point and perhapsother unknowns
suchasplatenflatnessandfilm shrinkage Control pointsareplacedin theimmediate
vicinity or surroundingareaof the objectto be imagedfor the adjustmentlt is the
mostcommonform of closerangecameracalibrationmethodpresentlybeing used,
andis also appliedby someauthoritiesfor aerial calibrationusing testfields.

Theterm“on-the-jobcalibration”is sometimesonfusedwith “self calibration”,
wherethereis, in fact, no needfor control pointsat all. Brown (1989)discussedhe
criteria which needto be met for a successfukelf calibration: (1) a single camera
mustbe usedto takeat leastthreeimagesof the object;(2) boththeinterior geometry
of the cameraandthe point to be measuredn the objectmustremainstableduring
the measuremenprocess;(3) the photogrammetricnetwork must be strong and
exercisea high degreeof convergence(4) at leastoneimagemusthavearoll angle
thatis significantlydifferentfrom the others;and(5) arelativelylargenumberof well
distributed points should be used.Given theserequirementsBrown comments‘a
satisfactorycalibrationof the cameracan be accomplishedasanintegral part of the
triangulationwithout the needfor control of any kind”. A difficulty with the aerial
applicationof the self calibratingbundleadjustmenis obtainingimageswhich have
a sufficientdiversity of cameraangles.

INTERNATIONAL STANDARDS

By 1980, the InternationalOrganisationfor Standardisatior(for examplesee
Ziemann,1986), had consolidatedts Technical Committeesin the areasof photo-
graphy, optics, and optical instrumentsto caterfor the calibration requirementsof
lensdistortionsin photographiccamerasThe role of a scientificsocietysuchasthe
International Society for Photogrammetryand Remote Sensing(ISPRS) had been
clarified asone of makingrecommendationtor procedureseadingto the calibration
of photogrammetriccamerasand related optical tests,but not defining a standard.
In the caseof ISPRS, compromisesin the standardsfor cameracalibration had
continuedfor over two decadesEvenso, by 1986, therestill existeddifferencesin
the type and extentof parametersvhich calibrationauthoritiesin different countries
expectedo be determinedIn continentalEuropearcountriesonly the parametersf
interior orientationwere commonly determined,whereasin North America, some
measureof image quality and the flatnessof the focal plane was expectedon a
calibrationcertificate.

Ziemann (1986) noted a new and important distinction which had been
attachedto the meaningof the words “camera calibration” as a result of non-

62 PhotogrammetridRecord 16(91),1998



CLARKE andFRYER. Developmenbf cameracalibrationmethodsand models

photogrammetristfrom the fields of robot or machine vision starting to apply
photogrammetricprinciples to new close range tasks using cameraswith CCD
sensorsOften the terminology“cameracalibration” would only refer to the process
of estimatingthe exterior parameter®f a camera.

ALGORITHMS FOR CLOSE RANGE CAMERAS

Notwithstandingany changesf terminology,the formulaeproposecdby Brown
in the 1960sappearto haveremainedvirtually unchallengedor 30 years.Brown’s
formulationsfor radial and decentringdistortionandfor additionalparametersn the
bundleadjustmentare describedn termsof polynomials.Ziemann(1986) notesthat
“polynomials... are undesirablefrom a mathematicapoint of view becauseof the
high correlationbetweenthe different terms. It is thereforenecessaryo agreenot
only on the formulationsfor the lensdistortioncomponentdut alsoon the procedure
usedto solvefor theseparameters”Ziemannproposedan algorithmfor the step-by-
step calibration of camerasso that the resultsfrom various calibrating authorities
could be more easily compared,but it is doubtedif his efforts were heeded.He
suggestedhat the order of calibrationshouldbe: the determinationof rotationally-
symmetricdistortion;the calculationof an equivalentfocal length;the determination
of the decentringdistortion with respectto the principal point of autocollimation;
the determinationof a point of best symmetry;the determinationof the actual
rotationally-symmetriclens distortion; and simultaneousverification of both lens
distortion componentsMore recently Shortiset al.(1995) have suggestedhe use of
the plumb-line techniqueto determineestimatesfor the parametersof radial and
decentringdistortion,andthenthe useof a multistationconvergenbundleadjustment
to determinethe focal length and offsets of the principal point while holding the
previouslydeterminedgarametersf lensdistortion“fixed”. This procedureshouldbe
iteratedwith a recalculationof the plumb-line oncethe offsetsof the principal point
are known. This iterative, and relatively time consuming,procedurecan overcome
difficulties of correlationamongstparametersvhich might occur if the geometric
strengthof a self calibration photogrammetrimetwork is weak. If the network is
strong, the needfor proceduressuch as those describedby Shortis may not be
necessargsa satisfactorysolutionto the cameraandlensparametergsanbe obtained
from the bundleadjustment.

DiscussioONAND CONCLUSIONS

The evolutionof techniquedor determininglensdistortionshasbeenpresented.
The introductionof new modelsfor lensdistortionor methodsto eliminateor negate
distortion hasbeena gradualprocessas the needfor increasedaccuracyarose.The
mathematicalmodels which describe lens distortion are essentially polynomial
expressionsCarehasto be exercisedo ensurethe correlationswhich are known to
exist betweenthe parameterglo not lead to false answersfor termsrelating to, for
example,decentringdistortion and the offsets of the principal point. The original
compensatortechniquesappliedto stereoplottersvere analogueor mechanicalin
nature. Later methodswere analytical and relied on the power of computersto
calculatecorrectionsin termsof millimetre incrementgo linear encodersor stepper
motors.

Oneinterestingfeaturein the developmentf modelsfor cameradistortionhas
beenthe adoptionby the modernphotogrammetricommunityof formulaedeveloped
in the analogueand analytical periodsof photogrammetryModern CCD or video-
basedcamerasare physically very different from their analoguecounterpartsAn
aerial lens will occupy a spaceof hundredsof cubic centimetresand a lens for a
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digital cameramay only be a few millimetresin extent,yet the samecameraandlens
distortion formulae have been used. Considersome of the important differences
betweenfilm-basedaerial camerasand TV-like digital camerasThe image format
sizesvary from 230x 230mm to typically 6 x 4-5mm; the focal lengthsrangefrom

88 mm to 150mm comparedwith 4-8mm to 50 mm; the fields of view from greater
than 90° to lessthan 25°; the cost and weight of the cameradiffer by a factor of

approximatelyl000; the aerial camerais a purpose-builtpreciselyassemblegiece
of equipment,yet the CCD camerais a massproductionitem built to satisfy a

non-photogrammetrimarket;andthereis a fixed focuson the aerialcamerayet the

video cameraoften permitszoom or automaticfocusing.

The digital era hasseenthe regularuse of someof the additional parameters
proposedoy Brown in the 1970swhich do not relatespecificallyto lensdistortions.
Termsto describetherelativesizesof pixelsareimportant,asarethosewhich would
indicateif the sensoarraywastilted relativeto atrueimageplane(trapezoidatather
than rectangular) Sensorarray unflatnesss becominga matterof concern(Fraser
et al., 1995) as researcherstrive to obtain ever smaller residualsafter their self
calibratingbundleadjustmentsA twentiethto a thirtieth of a pixel is now commonly
reportedasther.m.s.residualafteradjustmentindaslittle as1/70to 1/1000f a pixel
hasbeenreported(Beyeret al., 1995).To achieveevenlower r.m.s.values,the past
experiencesletailedin this paperappeato indicatethat: the cameradistortionmodel
will be further refined; target location accuracywill be improved; least squares
estimation processeswill be made more efficient; image processingpower will
increaseand becomemore sophisticatedand cameracalibration methodswill be
further adaptedor industrialmeasurementasks.For instancejn recentyears,pixel
sizeshavebecomesmallerwhile the sensorshaveincreasedn size andradiometric
fidelity hasimproved,andthesetrendsare predictedto continue(Seitzet al., 1995).

What doesthe future hold for digital photogrammetricsystemsin closerange
environments?A currentobjectivefor realtime threedimensional3D) measurement
is the determinatiorof 3D co-ordinatesof 100to 1000pointsin atleast1/25s. Such
a requirementmeansthat eachaspectof the measuringsystemis re-evaluatedor
effectssuchasprocessingottle-necksjll-conditioning of equationspverparameter-
ization; inadequatemodelling; andlack of robustnessThis is of greatimportanceif
photogrammetricmeasuringsystemsare to be used by non-expertsin industrial
environmentsaandrepresentshe challengefor photogrammetristasthe 21stcentury
approachedrinally this quotefrom the Manual of photogrammetrySlama,1980)is
worthy of repetition, “Just how much more closely the numberscan approachthe
“true values”depend®on our knowledgeof thetruth. Oneapproachegruth asymptot-
ically, sometimesat the costof greateffort; neverthelessit is necessaryo examine
the pathtowardthis ultimate goal and selectreasonabldimits of achievement”.
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Resunie

Corriger lesimagesde la distorsiondeschambredde prisesde vuesa
&té une préoccupationimportantedesusagers,aussilongtempsgu’ils ont
voulu utiliser ou reconstituerfiddement les informations observes. La
cartographiea été initialementla principale application. Tandisque cette
tache sepoursuitde nosjours, d'autres applicationsnécessitenggalement
un étalonnage précis des chambres,telles que les dé&erminations tri-
dimensionnelle& courtedistanceet de nombreusegautresmesuresa deux
dimensionsDansle passeleschambreaitiliséesétaientpeunombreusest
trés onaeusestandis qu’aujourdhui une grande socigé industrielle aura
normalementle nombreusesameas bon marchequ’il utilisera pour des
travaux de mesuregrés importants.On se sert de nos jours de cameas
beaucoupplus qu’on ne le fit jamais, maisl'dge d’or de I'étalonnagedes
chambresde prisesde vuesaériennespour la cartographieestdesormais
termine On examinedans cet article quelquesuns des essaiset des
developpements-téeet on les remeten perspectiveOn y meten particulier
enévidencelesforcessous-jacentequi ont présidea chaqueamdioration.

Zusammenfassung

Die Korrektur der optischenVerzeichnungbei Kameraswar eine
wichtige Aufgabe solangeNutzereswiinschtenpeobachteténformationen
wirklichkeitsgetreuzu reproduzierenoder zu nutzen.Urspringlich lag die
Hauptanwendung bei der Kartenherstellung. Wéhrend sich diese
Anwendungpis heute fortsetzt, erfordern andere Anwendungerebenfalls
prazise Kammerkalibrierungenwie z.B. die dreidimensionaleMessungm
Nahbereich und viele zweidimensionale MeRaufgaben. In der
Vergangenheit wurden wenige teure Kameras verwendet, wahrend
heutzutageein typischerindustrieller GroRbetriebviele billige Kameras
besitzenwird, die fur hiéchstwichtige MeRaufgabenVerwendungfinden
sollen. Heute werden Kamerasmehr denn je benutzt,aber das goldene
Zeitalter der Kammerkalibrierung zur Kartenherstellung ist jetzt
Vergangenheitm Artikel werdeneinige Schiisselentwicklungebehandelt,
und eswird versucht,ihre Perspektiveraufzuzeigenlnsbesonderaverden
die treibendenKréfte hinter jeder Entwicklungaufgezeigt.
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