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ABSTRACT
Many digital camerasnow have anoptionof raw dataoutput.We
�rst show, by way of superposigrams,that this raw dataoutputis
quantimetrically(i.e. in termsof the camera's responseto light)
linear, in thecaseof theNikonD2H digital SLRcamera.Next, we
performcomparametricanalysison compressedimagestogether
with their correspondingraw dataimagesin order to determine
thecamera's responsefunction.

1. INTR ODUCTION: TYPICAL CAMERAS AND
TRADITION AL IMA GE PROCESSING

Most camerasdo not provide an output that varieslinearly with
light input. Instead,mostcamerascontaina dynamicrangecom-
pressor, as illustratedin Fig. 1. Historically, the dynamicrange

Fig. 1: Typical cameraand display: light from subjectmatterpassesthroughlens
(typically approximatedwith simplealgebraicprojective geometry, e.g. anidealized
“pinhole”) and is quanti�ed in units “q” by a sensorarraywherenoisen q is also
added,to producean outputwhich is compressedin dynamicrangeby a typically
unknown function f . Furthernoisen f is introducedby the cameraelectronics,in-
cludingquantizationnoiseif thecamerais adigital cameraandcompressionnoiseif
thecameraproducesacompressedoutputsuchasa jpeg image,giving riseto anout-
put imagef 1 (x; y ) . Theapparatusthatconvertslight raysinto f 1 (x; y ) is labelled
CAMERA. Theimagef 1 is transmittedor recordedandplayedbackinto aDISPLAY
systemwherethedynamicrangeis expandedagain.Most cathoderay tubesexhibit a
nonlinearresponseto voltage,andthis nonlinearresponseis theexpander. Theblock
labelled“expander”is thereforenot usuallya separatedevice. Typical print media
alsoexhibit a nonlinearresponsethatembodiesanimplicit “expander”.

compressorin videocamerasarosebecauseit wasfoundthattele-
visionsdid not producea linear responseto the video signal. In
particular, it wasfound thatearly cathoderay screensprovideda
light outputapproximatelyequalto voltageraisedto theexponent
of 2:5. Ratherthanbuild a circuit into every television to com-
pensatefor this nonlinearity, a partial compensation(exponentof
1=2:22) wasintroducedinto the television cameraat muchlesser
costsincetherewerefar moretelevisionsthantelevision cameras
in thosedays.

Coincidentally, thelogarithmicresponseof humanvisualper-
ceptionis approximatelythe sameasthe inverseof the response

of a television tube(e.g.humanvisualresponseturnsout to beap-
proximatelythesameastheresponseof thetelevisioncamera)[1].
For thisreason,processingdoneontypicalvideosignalswill beon
a perceptuallyrelevant tonescale.Moreover, any quantizationon
sucha videosignal(e.g. quantizationinto 8 bits) will becloseto
ideal in thesensethateachstepof thequantizerwill have associ-
atedwith it a roughlyequalperceptualchangein perceptualunits.

Most still camerasalso provide dynamicrangecompression
built into thecamera.Forexample,theNikonD2hcameracaptures
internallyin 12bits (perpixel percolor)andthenappliesdynamic
rangecompression,and�nally outputstherange–compressedim-
agesin 8 bits (per pixel per color). Fortunately, the Nikon D2h
cameraalsoallows outputof imagesin a non–range–compressed
12-bit (perpixel percolor) format.

1.1. Why Stockhamwaswrong

Whenvideo signalsareprocessedusinglinear �lters, thereis an
implicit homomorphic�ltering operationon thephotoquantity(a
measureof the quantity of light presenton a sensorarray ele-
ment[2]). As shouldbeevidentfrom Fig. 1, operationsof storage,
transmission,and imageprocessingtake placebetweenapproxi-
matelyreciprocalnonlinearfunctionsof dynamicrangecompres-
sionanddynamicrangeexpansion.

Many usersof imageprocessingmethodologyareunawareof
this fact,becausethereis a commonmisconceptionthat cameras
producea linearoutput,andthatdisplaysrespondlinearly. In fact
thereis a commonmisconceptionthat nonlinearitiesin cameras
anddisplaysarisefrom defectsandpoorquality circuits,whenin
actualfact thesenonlinearitiesarefortuitously presentin display
mediaanddeliberatelypresentin mostcameras.Thusthe effect
of processingsignalssuchasf 1 in Fig. 1 with linear �ltering is,
whetheroneis awareof it or not, homomorphic�ltering. Stock-
hamadvocatedakind of homomorphic�ltering operationin which
thelogarithmof theinput imagewastaken,followedby linear�l-
tering (e.g. linear spaceinvariant �lters), followed by taking the
antilogarithm[3].

In essence,what Stockhamdidn't appearto realize, is that
suchhomomorphic�ltering is alreadymanifestin simply doing
ordinarylinear�ltering on ordinarypicturesignals(whetherfrom
video, �lm, or otherwise).In particular, the compressorgivesan
imagef 1 = f (q) = q1=2:22 = q0:45 (ignoringnoisenq andn f )
which hasthe approximateeffect of f 1 = f (q) = log(q + 1)
(e.g. roughly the sameshapeof curve, androughly the sameef-
fect, e.g. to brightenthemid–tonesof theimageprior to process-



ing). Similarly a typical video displayhasthe effect of undoing
(approximately)this compression,e.g. darkening the mid–tones
of the imageafter processingwith q̂ = ~f � 1(f 1) = f 2:5

1 . Thus
in somesensewhatStockhamdid, without really realizingit, was
to applydynamicrangecompressionto alreadyrangecompressed
images,thendo linear �ltering, thenapplydynamicrangeexpan-
sionto imagesbeingfed to alreadyexpansive displaymedia.

1.2. On the value of doing the exact oppositeof what Stock-
ham advocated

Thereexist certainkindsof imageprocessingfor whichit is prefer-
able to operatelinearly on the photoquantityq. Suchoperations
include sharpeningof an imageto undo the effect of the point
spreadfunction (PSF)blur of a lens,or to increasethe camera's
gain retroactively. We may alsoadd two or more differently il-
luminatedimagesof the samesubjectmatterif the processingis
donein photoquantities.What is neededin theseforms of pho-
toquantigraphicimageprocessingis an anti–homomorphic�lter .
Themannerin which ananti–homomorphic�lter is insertedinto
theimageprocessingpathis shown in Fig. 2.

Fig. 2: The anti–homomorphic �lter: Two new elements^f � 1 and ^f have been
inserted,ascomparedto Fig. 1. Theseareestimatesof the the inverseandforward
nonlinearresponsefunction of the camera.Estimatesarerequiredbecausethe ex-
actnonlinearresponseof a camerais generallynot partof thecameraspeci�cations.
(Many cameravendorsdo not even disclosethis informationif asked.) Becauseof
noisein thesignalf 1 , andalsobecauseof noisein theestimateof the cameranon-
linearity f , what we have at theoutputof f̂ � 1 is not q, but, rather, an estimate,~q.
This signalis processedusinglinear�ltering, andthentheprocessedresultis passed
throughtheestimatedcameraresponsefunction, ^f , which returnsit to a compressed
tonescalesuitablefor viewing on a typical television, computer, or the like, or for
furtherprocessing.

Previousworkhasdealtwith theinsertionof ananti–homomorphic
�lter in the imageprocessingchain. However, in the caseof us-
ing a camerain which theraw 12-bit datais available,processing
usingtheraw data(NEF�les), mayproceedasshown in �gure 3.

Fig. 3: A modi�ed methodof photoquantimetricimageprocessing(shown in �g-
ure 2), in which the raw datais available,andconsequentlyno anti–homomorphic
�lter is necessary. Moreover, a comparison(e.g. comparametricanalysis)between
compressedandraw datais possible.

2. A SIMPLE CAMERA MODEL

While thegeometriccalibrationof camerasis widelypracticedand
understood[4], oftenmuchlessattentionis givento thecamera's

quantimetric(the neitherradiometricnor photometricmannerin
which the camerarespondsto light [5, 6, 7]) responsefunction.
In digital cameras,the cameraresponsefunction mapstheactual
quantityof light impingingon eachelementof thesensorarrayto
thepixel valuesthatthecameraoutputs.

Linearity (which is typically notexhibitedby mostcamerare-
sponsefunctions)impliesthefollowing two conditions:

1. Homogeneity:A functionis saidto exhibit homogeneityif
andonly if f (ax) = af (x), for all scalara.

2. Superposition:A functionis saidto exhibit superpositionif
andonly if f (x + y) = f (x) + f (y).

In imageprocessing,homogeneityariseswhenwe compare
differently exposedpicturesof the samesubjectmatter. Super-
position ariseswhenwe superimpose(superpose)picturestaken
from differently illuminatedinstancesof thesamesubjectmatter,
usinga simplelaw of compositionsuchasaddition(i.e. usingthe
propertythatlight is additive).

A variety of techniqueshave beenproposedto recover cam-
era responsefunctions,suchas using test patternsof known re-
�ectance,andusingdifferentexposuresof thesamesubjectmat-
ter [5][6][7]. Recently, a methodusinga superposigram[8] was
used. The methoddifferedfrom othermethodsin that it did not
requirethe useof testpatterns,nor a camerathatwascapableof
adjustingits exposure.

Thefollowing techniqueis used:in adarkenvironment,setup
two distinctlight sources.Take threepictures,onewith eachlight
on individually (pa , pb), andonewith the two lights on together
(pc).

3. THE SUPERPOSIGRAM AND LINEARITY

Fromthethreeimagestakenin themethoddescribed,wemayform
a superposigram.To do this, eachpixel locationis consideredin
the threeimages.Notethat this maybedoneusingbothraw data
�les andrangecompressed�les (suchasPPMor JPEG)whichare
availablefrom virtually all digital cameras.For eachpixel location
thereexiststhreevalues,onevaluefrom eachof thethreeimages.
If therangeof thedatais relatively low (suchasx 2 [0; 255]; x 2
N in thecaseof typical pixels),a threedimensionalarraymaybe
usedto storethedataasa superposigram.To do this, thearrayis
initialized to all 0. For eachpixel position,the threevaluesfrom
thethreeimagesbecomeanindex into thethreedimensionalarray.
Thebin correspondingto this index is incremented.Theprocedure
is repeatedfor eachpixel position.Thisyieldsa superposigram.

Thesituationbecomesslightly morecomplicatedwhendeal-
ing with raw data. If the completesuperposigramstructurewere
to be constructedasa typical array, at least128gigabyteswould
be neededfor storage.Of course,muchof the arraywill remain
aszeroafterthesuperposigramhasbeenconstructed.For this rea-
son, superposigramdatawas storedin point–dictionaryform as
(x; y; x + y;count).To ef�ciently storethis data,a structuresimi-
lar to a hashtablewasused.TheC codeusedto performthis task
is availableat http://comparametric.sourceforge.net,andis freely
distributableundertheGNU license.

If thecameraresponseof theraw datais truly linear, thenthe
third axis shouldbe the summationof pointson �rst andsecond
axis.Thatis to say, thesuperposigramshouldde�ne aplaneof the
form:

q1 + q2 � q1+2 = 0: (1)



Whereq is thephotoquantimetricvaluerecordedfrom theraw
dataof thesensor. Thesuperposigramresultingfrom thissituation
is shown in �gure 4.

Fig. 4: A superposigramfrom theraw dataof aNikon D2H digital SLRcamera.The
pointswhichexhibit clipping(thedatavaluehasreachedits maximumpossiblevalue)
have beenremovedto simplify theplot andmoreclearlydemonstratethelinearity of
thedata.Thedatausedto from thesuperposigramis shown in �gure 5.

4. THE SUPERPOSIGRAM AND TYPICAL CAMERA
RESPONSEFUNCTIONS

Unlike the linear responsepresentin the raw dataof the Nikon
D2H camera,the datatypically which is availableasjpegs from
camerasis non-linear. This is immediatelyapparentin viewing the
superposigramconstructedusing the JPEGdatafrom a camera.
Unlike theplaneshown in �gure 4, thesuperposigramis a convex
surface,asshown in �gure 6.

Thoughthe superposigrammay be usedto solve for the re-
sponsefunction, asshown in [8], if the raw datais available(as
is the casewith the Nikon D2H), the responsefunction is easily
foundby noticingthatthecomparagram[9][5] betweentheraw lin-
eardataandtherangecompresseddata(suchasthedecompressed
JPEGimages)is the cameraresponsefunction. Oneexpectsthe
non-linearitywhenworking with pixelsfrom a JPEGor PPMim-
age. In particular, if the pixels of a typical imageweredoubled,
we do notexpectthesameresultasdoublingtheexposuretime of
theimageof increasingthefstopby a factorof

p
2.

5. CALCULA TING THE RESPONSEFUNCTION AND
DETERMINING ERROR

As mentioned,the comparagrambetweenthe raw dataand the
rangecompresseddatais theresponsefunctionof camera.In de-
tail, thefollowingmaybedone:anarrayof dimensions4096� 256
is createdandinitialized to 0. The dimensionsaresuchbecause
theraw datafrom thecamerais 12bitsperpixel whereastherange

Fig. 5: Oneof themany datasetsusedin thecomputationof thesuperposigram.Left-
most: Picturein DeconismGallery with only the upperlights turnedon. Middle:
Picturewith only thelower lights turnedon. Rightmost:Picturewith boththeupper
andlower lights turnedon together.

Fig. 6: A superposigramfrom thenon-linear, rangecompresseddatafrom theJPEG
output. Thedatausedto from thesuperposigramis shown in �gure 5. As expected,
thesuperposigramis aconvex surfaceratherthanaplane.

compresseddatais 1 byte. Eachpixel positionon the two image
becomesa coordinateinto the array. For eachpixel position,the
correspondingelementis incremented.In thecaseof aNikonD2H
digital camera,theresultis sown in �gure 7.

To simplify thecomputationof theresponsefunction,the12-
bit datamaybereducedto 8-bit databy dividing by 16andround-
ing to retainthelinearityof thedata.Thecomparagramprocedure
mayonceagainberepeated(this timewith a 256� 256array),to
produceasimpli�ed versionof theresponsefunction.A verygood
approximationto theresponsefunctionmaybefoundby compos-
ing a discretefunction from the maximumbin countsacrossthe
rows of the comparagram.This simpli�ed comparagramalong
with theresultingdiscretefunctionis shown in �gure 8.

Computed Comparagram with Camera Response Function

50 100 150 200 250

50

100

150

200

250

Fig. 8: A range-reducedcomparagramof theraw cameradataagainsttherangecom-
presseddata,with thediscretecameraresponsefunctionplottedasthemaximalbin
countsof thecomparagram.

5.1. Con�rming the correctnessof the cameraresponsefunc-
tion by homogeneity

The �rst measuredescribedis termeda homogeneity-testof the
cameraresponsefunction(regardlessof how it wasobtained).The
homogeneity-testrequirestwo differently(by a scalarfactorof k)
exposedpictures,f (q) andf (kq), of thesamesubjectmatter.



Comparagram of Raw and Range Compressed Data
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Fig. 7: 256by 4096comparagram

Methodusedto determine Super- Homo-
theresponsefunction position geneity

Error Error
Homogeneitywith parametricsolution
Direct from Raw Data 7.2018 8.1201
(PreviousWork [9]) 8.8096 9.9827
Homogeneity, directsolution 8.6751 9.4011
Superposition,directsolution 8.5450 9.5361

Table 1: This tableshows theper-pixel errorsobserved in usinglookup tablesaris-
ing from severalmethodsof calculatingf andf � 1 . The leftmostcolumndenotes
the methodusedto determinethe responsefunction. The middle column denotes
how well theresultingresponsefunctionsuperimposesimages,basedon testingthe
candidateresponsefunctionon picturesof subjectmattertakenunderdifferentlight-
ing positions.Therightmostcolumndenoteshow well theresultingresponsefunction
amplitude-scalesimages,andwasdeterminedbasedonusingdifferentlyexposedpic-
turesof thesamesubjectmatter. Theentriesin therightmosttwo columnsaremean
squarederrordividedby thenumberof pixelsin animage.

To conductthetest,thedarkimagef (q) is lightened,andthen
testedto seehow closeit is (in the meansquarederror sense)to
f (kq). The mean-squareddifferenceis termedthe homogeneity
error. To lighten the dark image, it is �rst convertedfrom im-
agespacef to lightspace,q, by computingf � 1(f (q)) . Thenthe
photoquantitiesq aremultiplied by a constantvalue,k. Finally,
weconvert it backto imagespace,by applyingf . Alternatively we
could apply f � 1 to both imagesandmultiply the �rst by k and
comparethemin lightspace(asphotoquantities).

5.2. Con�rming the correctnessof the cameraresponsefunc-
tion by superposition

Anothertestof acameraresponsefunctiontermedthesuperposition-
test, requiresthreepicturespa = f (qa ); pb = f (qb) andpc =
f (qa+ b). The inverseresponsefunction is appliedto pa andpb

and the resultingphotoquantitiesqa andqb areadded. We now
comparethis sum(in eitherimagespaceor lightspace)with pc (or
qc). The resultingmeansquareddifferenceis the superposition
error.

5.3. Comparing homogeneityand superposition errors in re-
sponsefunctions found by eachof various methods

The resultsof comparisonof homogeneityandsuperpositioner-
rors in responsefunctionsfound by variousmethods(including
previous publishedwork) arecomparedin Table1. As expected,
the direct methodusing the raw dataproducesthe lowest error.
Notehowever thattheerror is not 0 dueto thenoiseimposedpri-
marily by thelossycompressionof JPEGdata.
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7. CONCLUSION

In this paperwe showed how an unknown nonlinearcamerare-
sponsefunction can be recoveredusing homogeneityand/orsu-
perpositionpropertiesof light. Theeasiestmethodto implement,
which also gives rise to the lowest error (as evaluatedfor both
homogeneityand superposition)was to simply computea com-
paragrambetweena rangecompressedimageandits raw data�le
counterpart,available on many cameras.Ratherthan using test
charts,or minimizing a sum of squareserror resultingfrom the
camera's non-linearity, the methodrelied on the comparagram,a
very simpledatastructurepresentedin earlierwork, to solve for
thefunctiondirectly. Themethodwasmayalsobeusedasabase-
line for othermethodswhich solve for theresponsefunctionindi-
rectlywhenraw datais alsoavailable.
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