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ABSTRACT

We describethe designof a very high resolution,low-costscancamerafor usein image-basednodelingandrendering,
cultural heritageprojects,and professionaldigital photograpk. Our cameracanacquireblack&white, color, and near

infraredimageswith aresolutionof over 122million pixelsandcanbereadilybuilt from off-the-shelfcomponentsor less
than$1200. We discusshe constructiorof the systemaswell ascolor calibrationandnoiseremoval. Finally, we obtain
guantitatve measurementsf thelight sensitvity andthe opticalresolutionof our cameraandcompareheimagequality
to acommercialdigital SLR camera.

1. MOTIVATION

Although currenthigh-endconsumerand semi-professionatligital camerasstartto approachthe resolutionof 35mm
analoglm, thereis astrongdemandor evenhigherresolutionsn digital photograpl. Large photographi@rintsrequire
resolutionscloserto analoglarge formatphotograpk. Many electronicculturalheritageapplicationsandresearctprojects
in image-basedodelingandrenderingwould bene t from higherresolutionsaswell.

For example,mary museumsarecurrentlystartingto digitize portionsof their collectionsfor researcipurposesThey
areinterestedn recordingas mary of the exhibits aspossible,andcapturethe geometryaswell asvery high resolution
imagesatmultiple differentwavelengths Thehopeis thatthesedatabasewill beapowerful resourcdor futuregenerations
of researcherm history, art history, andanthropology

Unfortunatelytheresolutiongequiredfor theseapplicationsarecurrentlyonly providedby professionatligital camera
baclendsfor large formatview camerasThesecaneasilycostseveral 10sof thousand®f dollarsfor the baclkendalone.
The highestimageresolutionsareachiezed with scanbadends wherea singleline of high resolutionsensorelementss
sweptacrosgheimagearea.

In this paper we presenta scancamerasystemin which we turn a $100consumeigrade atbed scanneinto a very
high resolutiondigital camerebackendthatwe thenusetogethemwith acorventional8®  10*°largeformatview camera.

This allows usto acquireimagesat morethan122million pixels (correspondingo animageplaneof size8:5°° 10°°
digitized at 1200 DPI). The total system,including large format camera,Jens, scannerand color lters canreadily be
assembledor lessthan$1200. Furthermorethe approachwill scaleup asscannetechnologyimproves- the scanneis
only about10%of thetotal systemcost.

As anadditionalbene t, we canusethe samecamerawith aninfrared Iter for photograpl in thenearinfrared(NIR)
spectrum,which has proven useful for applicationssuchas object recognitionand food processingas well as digital
mattingin cinematograpp®: 2

Theremaindenf this papelis organizedasfollows: in Section2 webrie y review technologiegor veryhighresolution
photograpl. We thenintroduceour cameran Section3, in particulardiscussing

hardwaresetup(Section3.1),
black&whiteimagingincludingcalibrationandnoiseremoval (Section3.2),and

colorimagingincludingalignmentof color planesandwhite balancgSection3.4).

Afterwardswe provide resultsincludingguantitatve resolutionmeasuremen@nda comparisorof our camerawith a
semi-professionaligital SLR camerathe CanonEOSD60 (Sectiord).



2. RELATED WORK

Thetechnologiedor professionahndsemi-professionaligital photograpk canroughly be groupedinto two cateyories:
digital singlelensre ex (SLR) cameraswhich aresimilarto corventionalanalogSLRsin designanddigital baclkendsfor
medium-andlarge format cameras.The latestgeneratiorof digital SLR camerasachiese resolutionsof about6 million
pixels,which producesmagesroughly comparablén quality to analog35 mm cameras.

For higherresolutiondiketheonesrequired for example for large-formafprints,theuserhasto turnto digital baclends
for mediumformat(i.e. 6 4:5cm)or largeformat(typically 4°° 5% camerasThesebackendsexist in two basic a vors:
singleshotbaclendshave a 2-dimensionalmagesensorsimilar to the oneusedin consumercamerasanddigital SLRs.
Thistechnologycannow achieve imageresolutionsof up to 22 million pixels (for example,with the Sinarbacks4,2 which
usesa Kodakimagingsensor).

Even higherresolutionscan be achieved with a so-calledscanbadkend In this technology a singlerow of sensor
elementgline sensoy is sweptacrossheimageplanesimilar to a familiar atbed scanner For example,the Betterlight
SupersK* scancamerds abaclendfor 4%° 5%%argeformatcamerasthatcanachieve anopticalresolutionof 8000 10660
pixels (12000 15990interpolated).The down side of this approachis thatthe technologycannotbe usedfor animated
objectsandis only usefulin studiosettings.

Market Segment Resolution Price
Consumer <4M pixels | $200-1,500
Semi-ProfessiondSLR) < 6M pixels <$3,000
Professionafsingleshot) | <22M pixels | <$30,000
Professionafscan) <100Mpixels | <$25,000
Ourscancamera 122M pixels $1,200

Table 1. Overview of resolutionand price for differentdigital cameratechnologiegthe pricesfor professionabaclendsexcludethe
actualview cameraandlenses).

Unfortunately bothsingle-shoandscanbaclendsarequite expensve. Table1 shavs a comparisorof the resolutions
andthe price pointsfor the differenttechnologiesNote thatthe informationfor the backendsdoesnot includethe costof
lensesor the cameraput only of the backenditself. In this paper we describehow to build ascanbaclendfor ag®® 10
large format camerawith aresolutionof upto 10200 12000(122million pixels)from a consumeigradescanner The
whole systemincludingcameraandlenscanbereadily built from off-the shelfcomponent$or about$1200.

A researclprojectrelatedto ourwork is thelight eld camerabuilt by Yangetal.> © Their systemis basedna atbed
scannewith alensarrayattachedo theglasssurface.Sincetheir optical setupis quite differentfrom ours,the calibration
issuediffer signi cantly.

2.1.Color Imaging

Colorimagingcanbe achiezedin oneof severalwaysin digital photograpl. Onecansplit the light into threedifferent
color componentsisinga beamsplitter andsuitable Iters, andmeasurdghe componentsvith independensensorchips.
Dueto alignmentproblemsthis procedures only suitablefor relatively low resolutioncamerassuchasvideocamerasin
singleshotphotocameraghereis usuallyonly onechip with differentcolor Iters in front of every individual pixel. The
differentcolor lters areinterleaved betweenrthe pixelsin a regular pattern(Bayerpatterrf). This, however, meansthat
only onecolor channekanactuallybe measuredt every pixel; theremainingchannelsareinterpolatedrom neighboring
pixels. Scancamera®n the otherhandoften have threerows of pixelsthatobtaintrue measurementsf all color channels
in every pixel asthesensosweepsacrosgheimageplane.

Alternatively, one canusea sensorthat measuresll wavelengthsandtake threeimageswith differentcolor lters
(usuallyarrangedn a Iter wheel)thatarethencombinedinto a colorimage. This is the approachwe areusingin our
cameragincethe scannetechnologythatwe baseour work on hasonly a singlesensorseeSection3.1 for details). The
methods suitablefor bothsingle-shoandscancamerasalthoughtheformercanin thisway nolongerbeusedfor maving
targets. While this methodaddsto the compleity of the acquisitionprocessijt allows for additional e xibility by using
non-standardters thatselectspeci c rangedn thelight spectrum.



3. CAMERA SYSTEM

At thecoreof our camerasystemwe usethe CanonLIDE 30 scannef$100),whichis basecn Canonstechnology'LED

in Direct Exposure”(LIDE®). As we will seein Section3.1 this particularscannedesignprovesessentiafor our project.
We modify the scanneto work asa baclendfor acorventionalview camera.To keepthe costof the overall systemdown,
we usethe8%  10°%view camerekit from BenderPhotographit ($400),but ary otherview cameravould work aswell.
Sinceview camerasieedto work in bothlandscap@ndportraitmode theimageplaneof an8%° 10°°camerais actually
10°°  10%n size.Dueto thedimensionsf the scannegrwe canthusobtainimagesof upto 8:5%° 1%

The large-formatlensis easilythe mostexpensve part of the system. In our setupwe usea Nikkor-M 300mmf/9
( $600),which is arelatvely inexpensve portrait-stylelensfor large-formatphotograpl, andhasenoughangularcov-
erageto illuminate the whole imageplane. In addition,we needthreecolor lters (at $12each)to createa manualcolor
wheelanda UV/IR cutof Iter ($40)for colorimaging.Figurel shavs a photograptof the overall camerasystem.

Figure 1. A photoof our camerasetup.

3.1. Hardware Setup

As mentionedabore, thecentralpartof ourcamerds aLIDE 30scannefrom Canon.In contrasto other atbed scanners,
this one hasa designwherethe sensorcovers the completewidth of the paper(about8:5°), and focusingis achieved
throughan array of lensesdirectly on top of the sensor(ratherthana combinationof mirrors and a singlelens). The
conceptuabesignis depictedon the left of Figure2. Theillumination in thesescannerss achiered by illuminating the
paperwith differentcolor light emittedby coloredLEDs 2 Thatlight is spreacbut evenly acrosshewidth of the paperby
alight guide. The sensoiitself only hasa singlerow of elementghatare sensitve to all visible wavelengthsandin fact
alsoto nearinfraredlight.

For our purposeswe remove the lter arrayin front of the sensarbecausave wantto usethelensof thelargeformat
camerdor creatingafocusedmageinstead We alsodisablethe LEDs andremove thelight guide,sothatonly light from
thelensarrivesatthe sensor

Notethata similar approachwould bedif cult with a moretraditionalscannetechnologywheretheimagingsensors
is signi cantly shorterthanthe full width of the paper Thesescannersisean optical systemmadeof a lensandseveral
mirrorsto scalethe width of the scanlinedown to the sensowidth andat the sametime focusontothe papersurface(see
right of Figure2). Becausahe mirrorsarevery narrow, they restrictthe angularcoveragetoo much. Onewould therefore
have to redesigrthe completeoptical systemwhichin turn would requirechangego the mechanicaswell.

For color imaging, we built a Iter wheelfrom cardboardand photographiclters madefrom polyester The Iter
wheel hasfour slots, three of which we usefor Lee Tricolor lters, models25, 58, and47B (for red, green,andblue
with peaktransmissiorat 630,540,and440nm respectiely).’® Thefourth slot eitherremainsempty(for blackandwhite
photograply), or getsloadedwith aninfrared Iter (number87 of the samecompary) to block out frequencieselon
730nm.In contrasto somecommerciallter wheelsour currentwheelis manuallyoperatedthatis, the photographehas
to rotateit to thenext Iter slotfor everyscan.
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Figure 2. Left: Designof a scannemwith the LIDE (LED in Direct Exposure)technology Right: Designof a corventional atbed
scanner

3.2.Black&White Imaging and Calibration

For black&white photograpk, we acquirea singleimagewithouta Iter. Our scannetakesabout5 minutesto scanthe
full 8:5%° 10%visible areaat 1200DPI in grayscalenodeandto transferthe resultingdataover USB 1.1 to the host. In

orderto getuncalibrated. 6 bit raw sensodatawe usethe sharevareprogramVueScamh® insteadof vendorprovidedscan
software. Thisis hecessargincetheusualscannecalibrationstepswill fail in our setupbecauseheLED light sourcehas
beenremorved.

Like all sensorarrays,the individual imaging sensorsn the scannercan have slightly differentcharacteristics.The
mostimportantsourcesof variationsfor both CCD and CMOS sensorsaredark currentand at eld responsg? Dark
currentresultsin a non-zeromeasuremengven for pixels that have not beenhit by ary light atall. It effectively addsa
positive constanto all measurementfr oneparticularsensorelement. Apart from dark current,the sensoresponseas
very closeto linearly proportionalto the numberof incoming photons.However, the constanbf this linear mappingcan
acain vary from elementto elementin the sensorarray To correctfor both effects,we take onedark (i.e. zeroaperture)
imageandone“white” image(i.e. animageof a white pieceof paper out of focus,andexposedto just below saturation).
In orderto Iter outary randomnoise,we averagethe pixelsin every columnof boththe darkandthewhite image(since
all pixelsin onecolumnweremeasuredvith the samesensor) Thesetwo averagevaluesthende ne alinearmappingthat
removestheartifactsfrom bothdarkcurrentand at eld responsén asinglestep.
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Figure 3. Processingipeline for B&W images: rst, dark-currentnoiseand at- eld responseare calibratedwith a single linear
mapping.Then,brokencolumnsin theimageareinterpolated Finally, gammacorrectionyieldstheendresult.

In additionto thesetwo effects, thereare typically alsoindividual sensorghat are broken, or little scratchesn the
transparenplastichousingthatarere ecting light avay from theunderlyingsensoelementWe dealwith thesedefectshy
maskingthe correspondingolumns(about30 defectsaffectingsome90 sensorelementsn our scannerandinterpolating
the color from the neighborson the samescanline. This simpleapproachworks quite well in our casesincethe defects
arevery narrav (3-4 pixels maximum)and small comparedo the total resolution. Alternatively, one could usea more
sophisticatednethodsuchasimageinpainting'® to generatehe missinginformation. The nal stepof the black&white
imageprocessings a gammacorrectiondependingon the characteristicef the desiredoutputdevice anda subsequent
reductionof theimagedepthto 8 bit. Theindividual stepsof theblack&whiteprocessingipelinearedepictedn Figure3,
while theresultsof the processareshavn in Figure4.



Figure 4. Effect of the black&white calibrationstep. Left: raw sensordata. Center: after dark currentsubtractionand at- elding.
Right: calibratedmageafterinterpolatingfaulty columns.

3.3.Infrar edImaging

Without additional lters, CCD elementsarenot only sensitve to visible light, but alsoto light in the nearinfrared(NIR)
spectrum,up to about1000nm. While mary camerasnclude infrared blocking Iters to avoid wrong colors, scanner
sensorgio not usuallyhave sucha Iter becausecannetight sourcesdo not emit signi cant quantitiesof infraredlight.
This, however, meansthat we can use our camerafor infrared imaging if we usean IR Iter (suchasthe Lee lter
number871°) to block out all visible light. Figure5 shavs a comparisorof an infraredanda black&white imageof a
paintedceramic gurine thatwe took with our camera.Notethatthe differentcolor paintusedfor the gurine is equally
re ective in theinfraredspectrumsothatpigmentatioreffectsarealmostcompletelyremoved. Theinfraredimagewould
beamuchbetterinput for a shape-from-shadinglgorithmthanthe black&whiteimage.

Figure 5. Comparisorof a black&white photograph(left) with aninfraredphotograph(right). Note thatexceptfor the black color of
theeye, theeffect of differentpaintsis almostcompletelyremovedin theinfraredimage.

3.4.Color

For color imagingwe have to acquirethreedifferentscanswith a red, green,andblue Iter applied. Theseindividual
imagesgo throughthe black&white calibrationprocessdescribedn Section3.2, exceptfor the nal gammacorrection
stage.We thenhave to mege the individual color planesinto a singleimage. We nd the scango be alignedvery well
in the columns(indicatingthatthe sensorelementgepeatablynove alongthe sameline in every scan), but the scanlines



canbe off by about20-30pixels, sincetheinitial startingpositioncanvary from scanto scan.To compensatéor this, we
selecta region of the imagewith high-frequeng detail,andthendeterminethe one-dimensionabffsetby performingan
edgedetectionon all channelof thatregion, andthenrunninga one-dimensionadearcHor the bestoffset.

As mentionedn theprevioussection thesensof our scanneis sensitve notonly to visible light, but alsoto infrared.
For colorimaging,we have to make surethatour color scanglo notincludeary infraredillumination, or thecolorswill end
up beingwrong. To compensatéor this, we useaninfraredcutoff Iter (Schneide©pticsB+W Filter no. 486)to eliminate
theinfraredcomponentThis Iter mightalsobeusefulfor B&W photograpl, but it is essentiafor colorimaging.

After we have mergedthethreecolor channelsyve needto performcolor calibration.A simplewhite point calibration
(relative scalingof theindividual color channels)vorks surprisinglywell oncetheIR light hasbeen Itered out from the
color channelsTheimagesin this papemwerecreatedwith this simplecolor calibrationmethod.Again, gammacorrection
accordingo thedesirecbutputdevice hasto beperformedattheend. In thefuturewe planto investigatemoresophisticated
color calibrationmethodssuchasICC pro les. Sincewe use lters with fairly standardspectrakcharacteristicaye do not
expectary majorsurprisesvhenapplyingstandardCC pro le generators.
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Figure 6. Processingipelinefor colorimages: rst theindividual color planesaretreatedwith the calibrationstagesknown from the
B&W processThen,theclor planesarealigned,andacolor calibrationusinglCC pro les is performed Notethatthegammacorrection
is now implicitly performedn thecolor calibrationstage.

4. RESULTS

In orderto obtainquantitatve resultswith our camerawe comparedt againstthe CanonEOSD60 togethemwith a Canon
EF 28-105mnrzoomlens. Thecamerds a 6 million pixel digital SLR camerahatthe secondauthoris very fond of. Note
thatthis cameraaloneis abouttwice asexpensve asthe completecamera/lensystemdescribedere.

As a rst step,we testedthelight sensitvity of our scancameraTo this end,we setbothour systemandthe D60to an
apertureof f/9 (thelargestapertureof our large-formatiens). We thensetthe Im sensitvity ontheD60to 100ASA, and
adjustedthe exposuretime until we got animageof a brightnesscomparablégo the one obtainedwith our scancamera.
Thiswaywe determinedhatour camerahasroughlythesensitvity of a100ASA Im operatedaitanexposureime of 1/60
s,or al600ASA Im operatecat 1/960s, andsoforth. Like mary digital camerasve cansimulatea highersensitvity
by linearly scalingup the raw data(i.e. turning up the gain value). This multiplier canberolled into the linear mapping
we usefor black&white calibration(Section3.2). Of coursethis will resultin anampli cation of the noise,justlike in all
digital cameraghatoffer this feature.

We thenanalyzedthe actualoptical resolutionwe canobtainwith our setup,sincethis effective resolutiondoesnot
automaticallycorrespondo the nominalresolutionof the scanner The usualway of evaluatingthe resolutionof digital
imagingdevicesis the modulationtransferfunction (MTF), which analyzeshow differentfrequenciesare attenuatedy
the combinationof opticsandsensor A commonway of generatinghis MTF is to analyzea focusedimageof a slanted
edge!16 |n the caseof scanningdevices,the behaior in therows andin the columnsis analyzedseparately® Figure7
shavstheMTF for oursetup(frequenciegregivenin cycles/pixel) usingthemethodby Williams andBurns. We computed
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Figure 7. Themodulationtransferfunctionfor therows andthe columnsof our opticalsystem

the MTF for differentlocationsin theimage,but could not detectary signi cant position-dependencie¥he MTF shavn
hereis takenroughlyfrom the centerof theimageplane.

Due to the Nyquist limit, the highestusefulfrequeng ary imagingsystemcanhave is 0.5 cycles/pidel. In orderto
evaluateary real-world systema commoncriterionis to look at the lowestfrequeng wherethe MTF dropsbelov 10%.
If this pointis at or closeto the Nyquistlimit, the optical systemis saidto have a resolutioncorrespondindo its number
of pixels* 16 Ontheotherhand,anMTF with highervaluesfor frequenciesbove the Nyquistlimit indicatesa potential
for aliasing. In our camerathe 10% cutof lies at about0.36 cycles/pixel for the rows (i.e. within a scanline). For the
columns the cutoff is at about0.54 cycles/pidel. Togetherthesevaluesindicatethatthe optical systemis very good,and
operatingat closeto thenominalresolutionwe canexpectfrom our scanner

Figure8 compare®urcamerao the CanonEOSD60. We setup bothcamerago cover roughlythesame eld-of-view
of the objectat their respectie full resolution. Unfortunately this requiredus to changethe setupto accommodatéor
differencesn thelensanddepth-of- eld, sothattheillumination betweerbothimagesds notdirectly comparableThetop
row of Figure8 shavs almostthefull imagesacquiredthis way (they wereslightly croppedto anaspectatio that ts the
page).The scancameramageillustratesa limitation of the separatecquisitionprocesdor every color plane:dueto the
heatfrom the light sourceghe leafsof the bamboodried somevhat during the photoshootsothatthey movedslightly in
betweerthe scansThereforethe color planesdo notline up attheleafs.

For the imagesin the bottom row we reproduceda region from the scancameraimage at 300 DPI, and chosea
correspondingegion in the EOSD60 image. The differencesn detail for bothimagesarequite dramatic. At this scale,
thefull imagefrom thescancamerawould Il a34%° 40°°poster Notethatthe pillow visible in the photosis only about
oneinch on eachsidein reality. While the colorsdo not matchexactly, the differencesarewell within the rangeof color
differenceonegetswith differentcommerciaktamerasin comparingheimagesto therealobject,we nd thatthegreen
of the stemis slightly betterreproducedy our scancamerawhile theredcolorsarea bit betterin the EOSD60 image.



5. DISCUSSIONAND FUTURE WORK

In this papewe describea 122million pixel scancamerahatcanbe built from off-the-shelfcomponentgor about$1200.
Wediscus<alibrationissuesandevaluatdight sensitvity andopticalresolutionof thecameraystem.Theresultsindicate
thattheresolutionof our systemis dramaticallysuperiorto a digital SLR camerahatis twice asexpensve asour system.
Although it takes scancameradongerthana single shotcamerato acquirean image, this addedtime is tolerablefor
applicationsvheresetupandlighting take up asigni cant amountof time (for example productphotograply, or digitizing
of culturalobjects).This evenmoresoif it resultsin adrasticgainin resolution.

We thereforeexpectthatthis cameralesignwill beusefulnotonly for professionaphotograpl, but alsofor researclin
image-basethethodsandfor culturalheritageapplicationsin particular we arecurrentlyin contactwith severalmuseums
thatareinterestedn digitizing asmary of theexhibits aspossible andcapturehegeometryaswell asvery high resolution
imagesatmultiple differentwavelengthsincludinginfrared. Our camerashouldbe a perfectmatchfor theserequirements.

In additionto seekingmoreapplicationdor thecamerawe alsoplanfurtherwork onthecolorimagingproblem.First,
we will investicatetheuseof ICC pro les with our existing color Iters, andtheextensionto morenarrov Iters. Wethen
wantto exploreto whatextentthe color wheelcanbe replacedwith liquid crystaltunable lters (LCTFs'’). Theselters
let only a narrov window of frequenciegass,but that frequeng window canbe movedto ary placein the visible and
nearinfraredspectrumwithin milliseconds.This shouldallow usto take imageswith arbitraryspectrabasisfunctions.
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Figure 8. Comparisorbetweenthe CanonEOS D60 (left) and our scancamera(right). We tried to matchthe eld of view of both
camerasaswell aspossible.Dueto the differentfocal lengthsof the lensesusedwe hadto modify the setupandlighting sothatthe
illumination is not directly comparabléseetext). Thetop row shaws a slightly croppedmage. The bottomrow shavs a magni cation

of oneregion to bettercomparetheresolutions.



