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ABSTRACT

We describethedesignof a very high resolution,low-costscancamerafor usein image-basedmodelingandrendering,
cultural heritageprojects,andprofessionaldigital photography. Our cameracanacquireblack&white, color, andnear-
infraredimageswith aresolutionof over122million pixelsandcanbereadilybuilt from off-the-shelfcomponentsfor less
than$1200.We discusstheconstructionof thesystemaswell ascolor calibrationandnoiseremoval. Finally, we obtain
quantitative measurementsof thelight sensitivity andtheopticalresolutionof our cameraandcomparetheimagequality
to acommercialdigital SLRcamera.

1. MOTIVATION

Although currenthigh-endconsumerand semi-professionaldigital camerasstart to approachthe resolutionof 35mm
analog�lm, thereis astrongdemandfor evenhigherresolutionsin digital photography. Largephotographicprintsrequire
resolutionscloserto analoglargeformatphotography. Many electronicculturalheritageapplicationsandresearchprojects
in image-basedmodelingandrenderingwouldbene�t from higherresolutionsaswell.

For example,many museumsarecurrentlystartingto digitizeportionsof their collectionsfor researchpurposes.They
areinterestedin recordingasmany of theexhibits aspossible,andcapturethegeometryaswell asvery high resolution
imagesatmultipledifferentwavelengths.Thehopeis thatthesedatabaseswill beapowerful resourcefor futuregenerations
of researchersin history, art history, andanthropology.

Unfortunately, theresolutionsrequiredfor theseapplicationsarecurrentlyonly providedby professionaldigital camera
backendsfor largeformatview cameras.Thesecaneasilycostseveral10sof thousandsof dollarsfor thebackendalone.
Thehighestimageresolutionsareachievedwith scanbackends, wherea singleline of high resolutionsensorelementsis
sweptacrosstheimagearea.

In this paper, we presenta scancamerasystemin which we turn a $100consumer-grade�atbed scannerinto a very
high resolutiondigital camerabackendthatwe thenusetogetherwith aconventional800� 1000largeformatview camera.

This allows usto acquireimagesat morethan122million pixels(correspondingto animageplaneof size8:500� 1000

digitized at 1200DPI). The total system,including large format camera,lens,scanner, andcolor �lters canreadily be
assembledfor lessthan$1200.Furthermore,theapproachwill scaleup asscannertechnologyimproves- thescanneris
only about10%of thetotal systemcost.

As anadditionalbene�t, wecanusethesamecamerawith aninfrared�lter for photography in thenear-infrared(NIR)
spectrum,which hasproven useful for applicationssuchas object recognitionand food processing,as well as digital
mattingin cinematography.1, 2

Theremainderof thispaperis organizedasfollows: in Section2 webrie�y review technologiesfor veryhighresolution
photography. We thenintroduceourcamerain Section3, in particulardiscussing

� hardwaresetup(Section3.1),

� black&whiteimagingincludingcalibrationandnoiseremoval (Section3.2),and

� color imagingincludingalignmentof colorplanesandwhitebalance(Section3.4).

Afterwardsweprovide results,includingquantitative resolutionmeasurementsandacomparisonof ourcamerawith a
semi-professionaldigital SLRcamera,theCanonEOSD60(Section4).



2. RELATED WORK

Thetechnologiesfor professionalandsemi-professionaldigital photography canroughlybegroupedinto two categories:
digital singlelensre�ex (SLR)cameras,whicharesimilar to conventionalanalogSLRsin design,anddigital backendsfor
medium-andlarge formatcameras.The latestgenerationof digital SLR camerasachieve resolutionsof about6 million
pixels,whichproducesimagesroughlycomparablein quality to analog35mmcameras.

Forhigherresolutionsliketheonesrequired,for example,for large-formatprints,theuserhasto turntodigital backends
for mediumformat(i.e. 6 � 4:5cm)or largeformat(typically 400� 500) cameras.Thesebackendsexist in two basic�a vors:
singleshotbackendshave a 2-dimensionalimagesensor, similar to theoneusedin consumercamerasanddigital SLRs.
This technologycannow achieve imageresolutionsof up to 22million pixels(for example,with theSinarback54,3 which
usesaKodakimagingsensor).

Even higher resolutionscanbe achieved with a so-calledscanbackend. In this technology, a single row of sensor
elements(line sensor) is sweptacrossthe imageplanesimilar to a familiar �atbed scanner. For example,theBetterlight
Super8K4 scancamerais abackendfor 400� 500largeformatcameras,thatcanachieveanopticalresolutionof 8000� 10660
pixels (12000� 15990interpolated).Thedown sideof this approachis that the technologycannotbeusedfor animated
objectsandis only usefulin studiosettings.

MarketSegment Resolution Price
Consumer < 4M pixels $200–1,500
Semi-Professional(SLR) < 6M pixels < $3,000
Professional(singleshot) < 22M pixels < $30,000
Professional(scan) < 100Mpixels < $25,000
Ourscancamera 122Mpixels $1,200

Table 1. Overview of resolutionandprice for differentdigital cameratechnologies(the pricesfor professionalbackendsexcludethe
actualview cameraandlenses).

Unfortunately, bothsingle-shotandscanbackendsarequiteexpensive. Table1 shows a comparisonof theresolutions
andthepricepointsfor thedifferenttechnologies.Notethattheinformationfor thebackendsdoesnot includethecostof
lensesor thecamera,but only of thebackenditself. In this paper, wedescribehow to build a scanbackendfor a 800� 1000

large formatcamerawith a resolutionof up to 10200� 12000(122million pixels) from a consumer-gradescanner. The
wholesystemincludingcameraandlenscanbereadilybuilt from off-theshelfcomponentsfor about$1200.

A researchprojectrelatedto ourwork is thelight �eld camerabuilt by Yangetal.5, 6 Theirsystemis basedona �atbed
scannerwith a lensarrayattachedto theglasssurface.Sincetheiropticalsetupis quitedifferentfrom ours,thecalibration
issuesdiffer signi�cantly.

2.1.Color Imaging

Color imagingcanbeachieved in oneof severalwaysin digital photography. Onecansplit the light into threedifferent
color componentsusinga beamsplitterandsuitable�lters, andmeasurethecomponentswith independentsensorchips.
Dueto alignmentproblemsthisprocedureis only suitablefor relatively low resolutioncameras,suchasvideocameras.In
singleshotphotocamerasthereis usuallyonly onechip with differentcolor �lters in front of every individual pixel. The
differentcolor �lters areinterleaved betweenthepixels in a regular pattern(Bayerpattern7). This, however, meansthat
only onecolor channelcanactuallybemeasuredat every pixel; theremainingchannelsareinterpolatedfrom neighboring
pixels.Scancamerason theotherhandoftenhave threerowsof pixelsthatobtaintruemeasurementsof all color channels
in everypixel asthesensorsweepsacrosstheimageplane.

Alternatively, onecanusea sensorthat measuresall wavelengthsand take threeimageswith differentcolor �lters
(usuallyarrangedin a �lter wheel)that arethencombinedinto a color image. This is the approachwe areusingin our
camera,sincethescannertechnologythatwe baseour work on hasonly a singlesensor(seeSection3.1 for details).The
methodis suitablefor bothsingle-shotandscancameras,althoughtheformercanin thiswaynolongerbeusedfor moving
targets. While this methodaddsto thecomplexity of theacquisitionprocess,it allows for additional�e xibility by using
non-standard�lters thatselectspeci�c rangesin thelight spectrum.



3. CAMERA SYSTEM

At thecoreof ourcamerasystem,weusetheCanonLIDE 30scanner($100),whichis basedonCanon's technology“LED
in Direct Exposure”(LIDE8). As we will seein Section3.1 this particularscannerdesignprovesessentialfor our project.
Wemodify thescannerto work asabackendfor aconventionalview camera.To keepthecostof theoverall systemdown,
we usethe800� 1000view camerakit from BenderPhotographic9 ($400),but any otherview camerawould work aswell.
Sinceview camerasneedto work in bothlandscapeandportraitmode,theimageplaneof an800� 1000camerais actually
1000� 1000in size.Dueto thedimensionsof thescanner, wecanthusobtainimagesof up to 8:500� 1000.

The large-formatlens is easily the mostexpensive part of the system. In our setupwe usea Nikkor-M 300mmf/9
(� $600),which is a relatively inexpensive portrait-stylelensfor large-formatphotography, andhasenoughangularcov-
erageto illuminate thewhole imageplane. In addition,we needthreecolor �lters (at $12each)to createa manualcolor
wheelandaUV/IR cutoff �lter ($40)for color imaging.Figure1 shows aphotographof theoverall camerasystem.

Figure1. A photoof ourcamerasetup.

3.1.HardwareSetup
As mentionedabove,thecentralpartof ourcamerais aLIDE 30scannerfrom Canon.In contrastto other�atbed scanners,
this onehasa designwherethe sensorcovers the completewidth of the paper(about8:500), and focusingis achieved
throughan arrayof lensesdirectly on top of the sensor(ratherthana combinationof mirrors anda single lens). The
conceptualdesignis depictedon the left of Figure2. The illumination in thesescannersis achieved by illuminating the
paperwith differentcolor light emittedby coloredLEDs.8 Thatlight is spreadout evenly acrossthewidth of thepaperby
a light guide. Thesensoritself only hasa singlerow of elementsthataresensitive to all visible wavelengths,andin fact
alsoto near-infraredlight.

For our purposes,we remove the�lter arrayin front of thesensor, becausewe wantto usethelensof thelargeformat
camerafor creatinga focusedimageinstead.WealsodisabletheLEDsandremove thelight guide,sothatonly light from
thelensarrivesat thesensor.

Notethata similar approachwould bedif�cult with a moretraditionalscannertechnology, wheretheimagingsensors
is signi�cantly shorterthanthe full width of thepaper. Thesescannersuseanopticalsystemmadeof a lensandseveral
mirrorsto scalethewidth of thescanlinedown to thesensorwidth andat thesametime focusontothepapersurface(see
right of Figure2). Becausethemirrorsarevery narrow, they restricttheangularcoveragetoo much.Onewould therefore
have to redesignthecompleteopticalsystem,which in turnwould requirechangesto themechanicsaswell.

For color imaging,we built a �lter wheel from cardboardandphotographic�lters madefrom polyester. The �lter
wheelhasfour slots, threeof which we usefor Lee Tricolor �lters, models25, 58, and47B (for red, green,andblue
with peaktransmissionat630,540,and440nm,respectively).10 Thefourthsloteitherremainsempty(for blackandwhite
photography), or getsloadedwith an infrared �lter (number87 of the samecompany) to block out frequenciesbelow
730nm.In contrastto somecommercial�lter wheels,ourcurrentwheelis manuallyoperated,thatis, thephotographerhas
to rotateit to thenext �lter slot for everyscan.
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Figure 2. Left: Designof a scannerwith the LIDE (LED in Direct Exposure)technology. Right: Designof a conventional�atbed
scanner.

3.2.Black&White Imaging and Calibration

For black&whitephotography, we acquirea singleimagewithout a �lter . Our scannertakesabout5 minutesto scanthe
full 8:500� 1000visible areaat 1200DPI in grayscalemodeandto transfertheresultingdataover USB 1.1 to thehost. In
orderto getuncalibrated16bit raw sensordataweusethesharewareprogramVueScan11 insteadof vendor-providedscan
software.This is necessarysincetheusualscannercalibrationstepswill fail in oursetupbecausetheLED light sourcehas
beenremoved.

Like all sensorarrays,the individual imagingsensorsin the scannercanhave slightly differentcharacteristics.The
most importantsourcesof variationsfor both CCD andCMOS sensorsaredark current and�at �eld response.12 Dark
currentresultsin a non-zeromeasurementeven for pixels thathave not beenhit by any light at all. It effectively addsa
positive constantto all measurementsfor oneparticularsensorelement.Apart from darkcurrent,thesensorresponseis
very closeto linearly proportionalto thenumberof incomingphotons.However, theconstantof this linearmappingcan
again vary from elementto elementin thesensorarray. To correctfor botheffects,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 �lter out any randomnoise,we averagethepixelsin every columnof boththedarkandthewhite image(since
all pixelsin onecolumnweremeasuredwith thesamesensor).Thesetwo averagevaluesthende�ne a linearmappingthat
removestheartifactsfrom bothdarkcurrentand�at �eld responsein asinglestep.
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Figure 3. Processingpipeline for B&W images: �rst, dark-currentnoiseand �at-�eld responseare calibratedwith a single linear
mapping.Then,brokencolumnsin theimageareinterpolated.Finally, gammacorrectionyieldstheendresult.

In addition to thesetwo effects, thereare typically also individual sensorsthat arebroken, or little scratchesin the
transparentplastichousingthatarere�ecting light awayfrom theunderlyingsensorelement.Wedealwith thesedefectsby
maskingthecorrespondingcolumns(about30defectsaffectingsome90sensorelementsin ourscanner)andinterpolating
thecolor from theneighborson thesamescanline. This simpleapproachworksquitewell in our casesincethedefects
arevery narrow (3-4 pixels maximum)andsmall comparedto the total resolution. Alternatively, onecould usea more
sophisticatedmethodsuchasimageinpainting13 to generatethemissinginformation. The �nal stepof theblack&white
imageprocessingis a gammacorrectiondependingon the characteristicsof the desiredoutputdevice anda subsequent
reductionof theimagedepthto 8 bit. Theindividualstepsof theblack&whiteprocessingpipelinearedepictedin Figure3,
while theresultsof theprocessareshown in Figure4.



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

3.3. Infrar ed Imaging

Without additional�lters, CCD elementsarenot only sensitive to visible light, but alsoto light in thenear-infrared(NIR)
spectrum,up to about1000nm. While many camerasinclude infrared blocking �lters to avoid wrong colors, scanner
sensorsdo not usuallyhave sucha �lter becausescannerlight sourcesdo not emit signi�cant quantitiesof infraredlight.
This, however, meansthat we can useour camerafor infrared imaging if we usean IR �lter (suchas the Lee �lter
number8710) to block out all visible light. Figure5 shows a comparisonof an infraredanda black&white imageof a
paintedceramic�gurine thatwe took with our camera.Notethat thedifferentcolor paintusedfor the �gurine is equally
re�ective in theinfraredspectrum,sothatpigmentationeffectsarealmostcompletelyremoved.Theinfraredimagewould
beamuchbetterinput for ashape-from-shadingalgorithmthantheblack&whiteimage.

Figure 5. Comparisonof a black&whitephotograph(left) with an infraredphotograph(right). Note thatexceptfor theblackcolor of
theeye, theeffectof differentpaintsis almostcompletelyremovedin theinfraredimage.

3.4.Color

For color imagingwe have to acquirethreedifferentscanswith a red, green,andblue �lter applied. Theseindividual
imagesgo throughthe black&white calibrationprocessdescribedin Section3.2, except for the �nal gammacorrection
stage.We thenhave to merge the individual color planesinto a singleimage. We �nd thescansto bealignedvery well
in thecolumns(indicatingthat thesensorelementsrepeatablymove alongthesameline in every scan),but thescanlines



canbeoff by about20-30pixels,sincetheinitial startingpositioncanvary from scanto scan.To compensatefor this,we
selecta region of the imagewith high-frequency detail,andthendeterminetheone-dimensionaloffsetby performingan
edgedetectiononall channelsof thatregion,andthenrunningaone-dimensionalsearchfor thebestoffset.

As mentionedin theprevioussection,thesensorof ourscanneris sensitivenotonly to visible light, but alsoto infrared.
For color imaging,wehaveto makesurethatourcolorscansdonot includeany infraredillumination,or thecolorswill end
upbeingwrong.To compensatefor this,weuseaninfraredcutoff �lter (SchneiderOpticsB+W Filter no. 486)to eliminate
theinfraredcomponent.This �lter mightalsobeusefulfor B&W photography, but it is essentialfor color imaging.

After wehave mergedthethreecolor channels,weneedto performcolor calibration.A simplewhitepoint calibration
(relative scalingof the individual color channels)workssurprisinglywell oncetheIR light hasbeen�ltered out from the
colorchannels.Theimagesin thispaperwerecreatedwith thissimplecolorcalibrationmethod.Again,gammacorrection
accordingto thedesiredoutputdevicehasto beperformedattheend.In thefutureweplanto investigatemoresophisticated
color calibrationmethodssuchasICC pro�les. Sincewe use�lters with fairly standardspectralcharacteristics,we do not
expectany majorsurpriseswhenapplyingstandardICC pro�le generators.
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Figure 6. Processingpipelinefor color images:�rst the individual color planesaretreatedwith thecalibrationstagesknown from the
B&W process.Then,theclor planesarealigned,andacolorcalibrationusingICC pro�les is performed.Notethatthegammacorrection
is now implicitly performedin thecolorcalibrationstage.

4. RESULTS

In orderto obtainquantitative resultswith ourcamera,wecomparedit againsttheCanonEOSD60 togetherwith aCanon
EF28-105mmzoomlens.Thecamerais a6 million pixel digital SLRcamerathatthesecondauthoris very fondof. Note
thatthiscameraaloneis abouttwiceasexpensive asthecompletecamera/lenssystemdescribedhere.

As a �rst step,we testedthelight sensitivity of ourscancamera.To thisend,wesetbothoursystemandtheD60 to an
apertureof f/9 (thelargestapertureof our large-formatlens).We thensetthe�lm sensitivity on theD60 to 100ASA, and
adjustedthe exposuretime until we got an imageof a brightnesscomparableto the oneobtainedwith our scancamera.
Thiswaywedeterminedthatourcamerahasroughlythesensitivity of a100ASA �lm operatedatanexposuretimeof 1/60
s, or a 1600ASA �lm operatedat 1/960s, andso forth. Like many digital cameraswe cansimulatea highersensitivity
by linearly scalingup theraw data(i.e. turningup thegain value). This multiplier canberolled into the linearmapping
we usefor black&whitecalibration(Section3.2). Of coursethis will resultin anampli�cation of thenoise,just like in all
digital camerasthatoffer this feature.

We thenanalyzedthe actualoptical resolutionwe canobtainwith our setup,sincethis effective resolutiondoesnot
automaticallycorrespondto thenominalresolutionof the scanner. Theusualway of evaluatingthe resolutionof digital
imagingdevicesis the modulationtransferfunction (MTF), which analyzeshow differentfrequenciesareattenuatedby
thecombinationof opticsandsensor. A commonway of generatingthis MTF is to analyzea focusedimageof a slanted
edge.14{16 In thecaseof scanningdevices,thebehavior in therows andin thecolumnsis analyzedseparately.16 Figure7
showstheMTF for oursetup(frequenciesaregivenin cycles/pixel) usingthemethodby Williams andBurns.Wecomputed
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Figure7. Themodulationtransferfunctionfor therowsandthecolumnsof ouropticalsystem

theMTF for differentlocationsin theimage,but couldnot detectany signi�cant position-dependencies.TheMTF shown
hereis takenroughlyfrom thecenterof theimageplane.

Due to the Nyquist limit, the highestuseful frequency any imagingsystemcanhave is 0.5 cycles/pixel. In orderto
evaluateany real-world system,a commoncriterion is to look at the lowestfrequency wheretheMTF dropsbelow 10%.
If this point is at or closeto theNyquist limit, theopticalsystemis saidto have a resolutioncorrespondingto its number
of pixels.14, 16 On theotherhand,anMTF with highervaluesfor frequenciesabove theNyquistlimit indicatesa potential
for aliasing. In our camera,the 10% cutoff lies at about0.36cycles/pixel for the rows (i.e. within a scanline). For the
columns,thecutoff is at about0.54cycles/pixel. Together, thesevaluesindicatethat theopticalsystemis very good,and
operatingat closeto thenominalresolutionwecanexpectfrom ourscanner.

Figure8 comparesourcamerato theCanonEOSD60. Wesetupbothcamerasto cover roughlythesame�eld-of-view
of the objectat their respective full resolution. Unfortunately, this requiredus to changethe setupto accommodatefor
differencesin thelensanddepth-of-�eld,sothattheilluminationbetweenbothimagesis notdirectlycomparable.Thetop
row of Figure8 shows almostthefull imagesacquiredthis way (they wereslightly croppedto anaspectratio that �ts the
page).Thescancameraimageillustratesa limitation of theseparateacquisitionprocessfor every color plane:dueto the
heatfrom thelight sourcestheleafsof thebamboodriedsomewhatduringthephotoshootsothat they movedslightly in
betweenthescans.Therefore,thecolorplanesdonot line upat theleafs.

For the imagesin the bottom row we reproduceda region from the scancameraimageat 300 DPI, and chosea
correspondingregion in theEOSD60 image.Thedifferencesin detail for both imagesarequitedramatic.At this scale,
thefull imagefrom thescancamerawould �ll a 3400� 4000poster. Notethatthepillow visible in thephotosis only about
oneinch on eachsidein reality. While thecolorsdo not matchexactly, thedifferencesarewell within therangeof color
differencesonegetswith differentcommercialcameras.In comparingtheimagesto therealobject,we �nd thatthegreen
of thestemis slightly betterreproducedby ourscancamera,while theredcolorsareabit betterin theEOSD60 image.



5. DISCUSSIONAND FUTURE WORK

In thispaperwedescribea122million pixel scancamerathatcanbebuilt from off-the-shelfcomponentsfor about$1200.
Wediscusscalibrationissues,andevaluatelight sensitivity andopticalresolutionof thecamerasystem.Theresultsindicate
thattheresolutionof our systemis dramaticallysuperiorto a digital SLR camerathatis twice asexpensive asour system.
Although it takes scancameraslonger than a single shot camerato acquirean image,this addedtime is tolerablefor
applicationswheresetupandlighting takeupasigni�cant amountof time(for example,productphotography, or digitizing
of culturalobjects).Thisevenmoresoif it resultsin adrasticgain in resolution.

Wethereforeexpectthatthiscameradesignwill beusefulnotonly for professionalphotography, but alsofor researchin
image-basedmethodsandfor culturalheritageapplications.In particular, wearecurrentlyin contactwith severalmuseums
thatareinterestedin digitizing asmany of theexhibitsaspossible,andcapturethegeometryaswell asveryhighresolution
imagesatmultipledifferentwavelengths,includinginfrared.Ourcamerashouldbeaperfectmatchfor theserequirements.

In additionto seekingmoreapplicationsfor thecamera,wealsoplanfurtherwork onthecolor imagingproblem.First,
wewill investigatetheuseof ICC pro�les with ourexistingcolor �lters, andtheextensionto morenarrow �lters. We then
wantto exploreto whatextent thecolor wheelcanbereplacedwith liquid crystaltunable�lters (LCTFs17). These�lters
let only a narrow window of frequenciespass,but that frequency window canbe moved to any placein the visible and
near-infraredspectrumwithin milliseconds.Thisshouldallow usto take imageswith arbitraryspectralbasisfunctions.
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Figure 8. Comparisonbetweenthe CanonEOSD60 (left) andour scancamera(right). We tried to matchthe �eld of view of both
camerasaswell aspossible.Due to the differentfocal lengthsof the lensesusedwe hadto modify the setupandlighting so that the
illumination is not directly comparable(seetext). Thetop row shows a slightly croppedimage.Thebottomrow shows a magni�cation
of oneregion to bettercomparetheresolutions.


