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ABSTRACT

Mary digital camerasion have anoptionof raw dataoutput. We

rst shaw, by way of superposigramghatthis raw dataoutputis

qguantimetrically(i.e. in termsof the cameras responseo light)

linear, in the caseof theNikon D2H digital SLR cameraNext, we

perform comparametri@nalysison compressedmagestogether
with their correspondingaw dataimagesin orderto determine
the cameras responséunction.

1. INTRODUCTION: TYPICAL CAMERAS AND
TRADITION AL IMA GE PROCESSING

Most cameragdo not provide an outputthat varieslinearly with
light input. Insteadmostcamerasontaina dynamicrangecom-
pressor asillustratedin Fig. 1. Historically, the dynamicrange
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Fig. 1: Typical cameraand display: light from subjectmatterpasseshroughlens
(typically approximatedvith simplealgebraicprojectve geometrye.g. anidealized
“pinhole”) andis quanti ed in units “q” by a sensorarray wherenoisen is also
added,to producean outputwhich is compressedh dynamicrangeby a typically
unknawn functionf . Furthernoiseny is introducedby the cameraelectronicsjn-

cludingquantizatiomoiseif the cameras adigital cameraandcompressiomoiseif

the camergproduces compressedutputsuchasajpeg image,giving riseto anout-
putimagef 1 (x; y). Theapparatushatcorvertslight raysinto f 1 (x; y) is labelled
CAMERA. Theimagef 1 is transmittedbr recordedandplayedbackinto a DISPLAY

systemwherethedynamicrangeis expandedagain.Most cathoderay tubesexhibit a
nonlinearesponséo voltage,andthis nonlinearesponseés the expander Theblock
labelled“expander”is thereforenot usually a separatedevice. Typical print media
alsoexhibit a nonlinearrespons¢hatembodiesnimplicit “expander”.

compressom videocamerasrosebecausét wasfoundthattele-
visions did not producea linear responseo the video signal. In
particular it wasfound thatearly cathoderay screengprovided a
light outputapproximatelyequalto voltageraisedto the exponent
of 2:5. Ratherthanbuild a circuit into every television to com-
pensatdor this nonlinearity a partial compensatiorfexponentof
1=2:22) wasintroducedinto the television cameraat muchlesser
costsincetherewerefar moretelevisionsthantelevision cameras
in thosedays.

Coincidentally thelogarithmicresponsef humanvisual per
ceptionis approximatelythe sameasthe inverseof the response

of atelevisiontube(e.g.humarnvisualresponseéurnsoutto beap-
proximatelythesameastheresponsef thetelevision camera]1].
Forthisreasonprocessingloneontypical videosignalswill beon
a perceptuallyrelevanttonescale.Moreover, ary quantizatioron
suchavideo signal(e.g. quantizationinto 8 bits) will be closeto
idealin the sensethateachstepof the quantizerwill have associ-
atedwith it aroughlyequalperceptuathangen perceptualnits.

Most still camerasalso provide dynamicrangecompression
built into thecameraFor example theNikonD2h cameracaptures
internallyin 12 bits (perpixel percolor) andthenappliesdynamic
rangecompressionand nally outputstherange—compressenh-
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 signalsare processedisinglinear lters, thereis an
implicit homomorphicltering operationon the photoquantity(a
measureof the quantity of light presenton a sensorarray ele-
ment[2]). As shouldbeevidentfrom Fig. 1, operation®f storage,
transmissionandimage processingake placebetweenapproxi-
matelyreciprocalnonlinearfunctionsof dynamicrangecompres-
sionanddynamicrangeexpansion.

Mary usersof imageprocessingnethodologyareunavare of
this fact, becausehereis a commonmisconceptiorthat cameras
producea linearoutput,andthatdisplaysrespondinearly. In fact
thereis a commonmisconceptiorthat nonlinearitiesin cameras
anddisplaysarisefrom defectsandpoor quality circuits, whenin
actualfactthesenonlinearitiesare fortuitously presentin display
mediaand deliberatelypresentn mostcameras.Thusthe effect
of processingsignalssuchasf; in Fig. 1 with linear ltering is,
whetheroneis awareof it or not, homomorphicltering. Stock-
hamadwcatedakind of homomorphicltering operatiorin which
thelogarithmof theinputimagewastaken,followedby linear I-
tering (e.g. linear spaceinvariant lters), followed by taking the
antilogarithm[3].

In essencewhat Stockhamdidn't appearto realize,is that
suchhomomorphic ltering is alreadymanifestin simply doing
ordinarylinear ltering onordinarypicturesignals(whetherfrom
video, Im, or otherwise).In particular the compressogivesan
imagef1 = f(q) = 22 = g”* (ignoringnoiseny andn; )
which hasthe approximateeffectof f; = f(q) = log(g+ 1)
(e.g. roughly the sameshapeof curve, androughly the sameef-
fect, e.g. to brightenthe mid—tonesof theimageprior to process-



ing). Similarly a typical video display hasthe effect of undoing
(approximately)this compressione.g. darkening the mid—tones
of the imageafter processingwith ¢ = f ~1(f1) = fZ5. Thus
in somesensenhat Stockhandid, without really realizingit, was
to apply dynamicrangecompressioitio alreadyrangecompressed
imagesthendo linear Itering, thenapply dynamicrangeexpan-
sionto imagesheingfedto alreadyexpansve displaymedia.

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

Thereexist certainkindsof imageprocessindor whichit is prefer
ableto operatelinearly on the photoquantityg. Suchoperations
include sharpeningof an imageto undo the effect of the point
spreadfunction (PSF)blur of a lens, or to increasethe cameras
gain retroactvely. We may also addtwo or more differently il-
luminatedimagesof the samesubjectmatterif the processings
donein photoquantities.What is neededn theseforms of pho-
toquantigraphidmage processings an anti-homomorphiclter .
The mannerin which an anti-homomorphiclter is insertedinto
theimageprocessingathis shavn in Fig. 2.
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Fig. 2: The antichomomorphic Iter: Two new elements” * andf" have been
inserted,ascomparedo Fig. 1. Theseareestimatef the the inverseandforward
nonlinearresponsdunction of the camera. Estimatesare requiredbecausehe ex-
actnonlinearrespons®f a cameras generallynot partof the cameraspeci cations.
(Many cameravendorsdo not even disclosethis informationif asled.) Becauseof
noisein thesignalf 1, andalsobecausef noisein the estimateof the cameranon-
linearity f , whatwe have at the outputof ™ lis not g, but, rather an estimate .
This signalis processedisinglinear Itering, andthenthe processedesultis passed
throughtheestimatectamereresponséunction,f’\, which returnsit to acompressed
tone scalesuitablefor viewing on a typical television, computer or the like, or for
furtherprocessing.

guantimetric(the neitherradiometricnor photometricmannerin
which the cameraresponddo light [5, 6, 7]) responsdunction.
In digital camerasthe cameraresponsdunction mapsthe actual
guantityof light impinging on eachelemenif the sensomarrayto
thepixel valuesthatthe cameraoutputs.

Linearity (whichis typically notexhibited by mostcamerare-
sponsdunctions)impliesthefollowing two conditions:

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

2. SuperpositionA functionis saidto exhibit superpositiorif
andonlyif f (x + y) = f (x) + f (y).

In image processinghomogeneityariseswhenwe compare
differently exposedpicturesof the samesubjectmatter Super
position ariseswhenwe superimposégsuperposepicturestaken
from differently illuminatedinstance®of the samesubjectmatter
usinga simplelaw of compositiorsuchasaddition(i.e. usingthe
propertythatlight is additive).

A variety of techniqueshave beenproposedo recover cam-
eraresponsdunctions, suchas using test patternsof known re-

ectance, andusingdifferentexposuref the samesubjectmat-

ter [5][6][7]. Recently a methodusinga superposigrani8] was
used. The methoddiffered from othermethodsin thatit did not
requirethe useof testpatternsnor a camerathat was capableof
adjustingits exposure.

Thefollowing techniqués used:in adarkenvironment,setup
two distinctlight sourcesTake threepictures,onewith eachlight
on individually (pa, p»), andonewith the two lights on together

(Pc)-

3. THE SUPERPOSIGRAM AND LINEARITY

Fromthethreeimagegakenin themethoddescribedwe mayform
a superposigramTo do this, eachpixel locationis consideredn
thethreeimages.Note thatthis may be doneusingbothraw data
les andrangecompressedes (suchasPPMor JPEG)whichare
availablefrom virtually all digital camerasFor eachpixel location

Previouswork hasdealtwith theinsertionof ananti-homomorphic thereexiststhreevalues,onevaluefrom eachof thethreeimages.

Iter in theimageprocessinghain. However, in the caseof us-
ing a cameran which theraw 12-bit datais available,processing
usingtheraw data(NEF les), mayproceedasshavnin gure 3.
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Fig. 3: A modi ed methodof photoquantimetrigmage processingshovn in g-
ure 2), in which the raw datais available,and consequentlyno anti-homomorphic
Iter is necessaryMoreover, a comparisone.g. comparametri@analysis)between
compressedndraw datais possible.

2. A SIMPLE CAMERA MODEL

While thegeometriccalibrationof camerass widely practicedand
understood4], often muchlessattentionis givento the cameras

If therangeof thedatais relatively low (suchasx 2 [0; 255} x 2
N in the caseof typical pixels), a threedimensionakrray may be
usedto storethe dataasa superposigramTo do this, the arrayis
initialized to all 0. For eachpixel position,the threevaluesfrom
thethreeimageshecomeanindex into thethreedimensionahrray
Thebin correspondingo thisindex is incrementedTheprocedure
is repeatedor eachpixel position. Thisyieldsa superposigram.

The situationbecomeslightly more complicatedvhendeal-
ing with raw data. If the completesuperposigranstructurewere
to be constructedasa typical array at least128 gigabyteswould
be neededor storage.Of course muchof the arraywill remain
aszeroafterthe superposigrarhasbeenconstructedFor this rea-
son, superposigrantdatawas storedin point—dictionaryform as
(x; y; x + y;count). To ef ciently storethis data,a structuresimi-
lar to a hashtablewasused.The C codeusedto performthis task
is available at http://comparametric.sourcef.net,andis freely
distributableunderthe GNU license.

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

G+ Gz =0 1)



Whereq is thephotoquantimetrizaluerecordedrom theraw
dataof thesensarThesuperposigramesultingfrom this situation
is shavnin gure 4.

Fig. 4: A superposigrarfrom theraw dataof a Nikon D2H digital SLR cameraThe
pointswhich exhibit clipping (thedatavaluehasreachedts maximumpossiblevalue)
have beenremovedto simplify the plot andmoreclearly demonstrat¢he linearity of
thedata.Thedatausedto from the superposigrans shovnin gure 5.

4. THE SUPERPOSIGRAMAND TYPICAL CAMERA
RESPONSEFUNCTIONS

Unlike the linear responsepresentin the raw dataof the Nikon

D2H camerathe datatypically which is available asjpegs from

camerass non-linear Thisis immediatelyapparenin viewing the
superposigrantonstructedusing the JPEGdatafrom a camera.
Unlike theplaneshavn in gure 4, the superposigrarns a convex

surface,asshavnin gure 6.

Thoughthe superposigranmay be usedto solwe for the re-
sponsefunction, asshavn in [8], if the raw datais available (as
is the casewith the Nikon D2H), the responsdunctionis easily
foundby noticingthatthecomparagram[[§5] betweertheraw lin-
eardataandtherangecompressedata(suchasthedecompressed
JPEGimages)is the cameraresponsdunction. One expectsthe
non-linearitywhenworking with pixelsfrom a JPEGor PPMim-
age. In particular if the pixels of a typical imagewere doubled,
wedo notexpectthesameresultasdoublingthﬁ exposuretime of
theimageof increasinghefstopby afactorof = 2.

5. CALCULA TING THE RESPONSEFUNCTION AND
DETERMINING ERROR

As mentioned,the comparagranbetweenthe raw dataand the
rangecompressedatais the responsdunction of camera.ln de-
tail, thefollowing maybedone:anarrayof dimensiongl096 256
is createdandinitialized to 0. The dimensionsare suchbecause
theraw datafrom thecameras 12 bits perpixel whereagherange

Fig. 5: Oneof themary datasetsisedin thecomputatiorof the superposigram_.eft-
most: Picturein DeconismGallery with only the upperlights turnedon. Middle:
Picturewith only thelower lights turnedon. Rightmost:Picturewith boththe upper
andlower lights turnedon together

Fig. 6: A superposigrarfrom the non-lineay rangecompressedatafrom the JPEG
output. The datausedto from the superposigrans shavn in gure 5. As expected,
the superposigrans acorvex surfaceratherthanaplane.

compressediatais 1 byte. Eachpixel positionon the two image
becomesa coordinateinto the array For eachpixel position, the
correspondinglements incrementedin thecaseof aNikonD2H
digital cameratheresultis sovn in gure 7.

To simplify the computationof theresponsdunction,the 12-
bit datamaybereducedo 8-bit databy dividing by 16 andround-
ing to retainthelinearity of thedata. Thecomparagranprocedure
may onceagainberepeatedthistimewith a256 256 array),to
produceasimpli ed versionof theresponséunction. A verygood
approximatiorto theresponsdunctionmay befoundby compos-
ing a discretefunction from the maximumbin countsacrossthe
rows of the comparagram.This simpli ed comparagramalong
with theresultingdiscretefunctionis shavnin gure 8.
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Fig. 8: A range-reducedomparagranof theraw cameradataagainstherangecom-
pressediata,with the discretecameraresponsdunction plottedasthe maximalbin
countsof thecomparagram.

5.1. Conrming the correctnessof the cameraresponseunc-
tion by homogeneity

The rst measuralescribeds termeda homogeneity-tesof the
cameraesponsdunction(regardlesof how it wasobtained).The
homogeneity-testequirestwo differently (by a scalarfactorof k)
exposedpicturesf (q) andf (kq), of thesamesubjectmatter
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Fig. 7: 256 by 4096comparagram

Methodusedto determine Super Homo-
theresponséunction position | geneity
Error Error

Homogeneitywith parametricsolution

Directfrom Rav Data 7.2018 | 8.1201
(PreviousWork [9]) 8.8096 | 9.9827
Homogeneitydirectsolution 8.6751 | 9.4011
Superpositiondirectsolution 8.5450 | 9.5361

Table 1: This tableshaws the perpixel errorsobsered in usinglookup tablesaris-
ing from severalmethodsof calculatingf andf *. Theleftmostcolumndenotes
the methodusedto determinethe responseunction. The middle column denotes
how well the resultingresponséunction superimposesnages basedon testingthe
candidateesponséunctionon picturesof subjectmattertakenunderdifferentlight-
ing positions.Therightmostcolumndenotegow well theresultingresponséunction
amplitude-scalesnagesandwasdeterminedasedn usingdifferentlyexposedpic-
turesof the samesubjectmatter The entriesin the rightmosttwo columnsaremean
squareckrrordivided by thenumberof pixelsin animage.

To conducthetest,thedarkimagef (q) is lightened.andthen
testedto seehow closeit is (in the meansquarederror senseo
f (kg). The mean-squaredifferenceis termedthe homaeneity
error. To lighten the darkimage, it is rst corvertedfrom im-
agespacé to lightspaceg, by computingf  *(f (¢)). Thenthe
photoquantities) are multiplied by a constantvalue, k. Finally,
we corvertit backto imagespaceyy applyingf . Alternatively we
couldapplyf ! to bothimagesand multiply the rst by k and
comparethemin lightspacgasphotoquantities).

5.2. Conrming the correctnessof the cameraresponsdunc-
tion by superposition

Anothertestof acameraesponséunctiontermedhesuperposition-

test requiresthreepicturespa = f (Ga);po = f(qp) andpe =
f (dw+b). Theinverseresponsdunctionis appliedto p. andpy
andthe resultingphotoquantitiesy, andq, are added. We now
comparethis sum(in eitherimagespacer lightspace)with p. (or
). The resultingmeansquareddifferenceis the superposition
error.

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

The resultsof comparisonof homogeneityand superpositiorer-

rors in responsdunctionsfound by various methods(including
previous publishedwork) arecomparedn Table1. As expected,
the direct methodusing the raw dataproducesthe lowest error.

Note however thatthe erroris not 0 dueto the noiseimposedpri-

marily by thelossycompressiomf JPEGdata.
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7. CONCLUSION

In this paperwe shaved hov an unknavn nonlinearcamerare-

sponsefunction can be recovered using homogeneityand/or su-
perpositionpropertiesof light. The easiesmethodto implement,
which also givesrise to the lowest error (as evaluatedfor both
homogeneityand superpositionwas to simply computea com-
paragrambetweera rangecompresseimageandits raw data le

counterpartavailable on mary cameras. Ratherthan using test
charts,or minimizing a sum of squareserror resultingfrom the
cameras non-linearity the methodrelied on the comparagrama
very simple datastructurepresentedn earlierwork, to solve for

thefunctiondirectly. Themethodwasmayalsobe usedasabase-
line for othermethodswhich solve for the responsdunctionindi-

rectly whenraw datais alsoavailable.
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