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Abstract

Hand-craftedllustrationsareoftenmoreeffective thanphotographs
for cornveying the shapeand importantfeaturesof an object, but
they requireexpertiseandtime to produce.We describeanimage
compositingsystemanduserinterfacethatallow anartistto quickly
andeasilycreatetechnicaillustrationsfrom asetof photographsf
anobjecttakenfrom the samepoint of view undervariablelighting
conditions.Our systemusesa hovel compositingprocessn which
imagesarecombinedusingspatially-\aryinglight mattes enabling
the nal lighting in eachareaof the compositeto be manipulated
independently\We describeaninterfacethatprovidesfor the paint-
ing of locallighting effects(e.g. shadavs, highlights,andtangential
lighting to reveal texture) directly onto the composite.We suney
someof the techniquesusedin illustration andlighting designto
corvey the shapeandfeaturesof objectsanddescribenow our sys-
temcanbeusedto applythesetechniques.
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1 Intro duction

Algorithmsfor lighting simulationhave continuedo improvein re-
centyears. Lighting design,however, remainsa big problem. An

applicationwheregoodlighting designis importantis technicalil-

lustration. The exampleof a humanskull shavn at the top of Fig-
urelis fromtheGuild Handbookon Scienti c lllustration[Hodges
1989]. Theillustrationontheright doesabetterjob of depictingthe
form andimportantfeaturesof the skull thanthe photograpton the
left. Onereasorfor its effectivenesss its carefuluseof lighting.
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Figurel: Above: A photograptof a humanskull, followed by an
artist's handmadedraving of the sameskull [Hodges1989]. Ar-
rows in thedrawing indicatevariancein thelocal lighting direction
thatthe artistusedto emphasizehe shapeandtexture of the skull.
Below: A photographof a baboonskull, followed by a composite
imagewe generatedrom a setof mary photographsaken under
differentlighting directions. (Top row imagesareusedby permis-
sionof JohnWiley & Sons,Inc.)

Lighting canbeusedto corvey:

Orientation: On smoothportions of a curved surface, di-
rectionallight is usedto creatediffuse shading,which helps
viewers estimatethe local orientationof the surfaceanddif-
ferentiatebetweerconvex andconcae partsof the shape.

Curvature: Reggionswith high curvatureor edgediscontinu-
ities areoftenemphasizeavith highlights. Photographerde-
pict metallic objectsusing linear lights, aligning highlights
with directionsof zerocurvature.

Bumps and texture: Small-scalesurfacefeaturesare much
easierto detectunderside or raking lighting. Shadavs cast
by thesefeaturescreateregions of high contrastand reveal
texture. The bestlandscapehotographsare often taken at
dawn or dusk;thebestviews of themoon'scratersccuralong
its terminatorfK oenderinkandPont2002].

Silhouettes Thesilhouetteof anobjectis oneof its mostdis-
tinctive features Rim lighting is oftenusedalongthe edgeof
anobjectto distinguishit from adarkbackgroundRim shad-
owing senesthe samepurposeagainsta light background.



Sincecornveying shapeandform is a primary goal of illustration,
illustrators are generallynot concernedwith physically accurate
lighting. In fact,to aphotographeor illustrator, real-world lighting
oftenhasunintendedsideeffects:

Over- and under-exposure: A well-lit photographhasuni-
form exposureand good contrast. Achieving both of these
goalsis dif cult in practice,particularlyin naturalenviron-
mentsthatexhibit a high dynamicrange.

Shadaws: While they provide usefulcuesof relative position,
shadavs oftenhideimportantdetails.Moreover, theirumbral
andpenumbraboundarieganbedistracting.Theillustration
of the humanskull in Figure 1 hasfewer shadevs thanthe
photograph.

Distracting highlights: Shiry objectsoften have distracting
highlightsin confusingpositions. For example,anthropolo-
gistshave reportedgreatdif culty in photographingbsidian
toolsbecausef their high specularitfRick andwWhite 1975].

Any photographeor illustratorknows thatlighting designis ahard
problem.Thelightsarecarefullycontrolledin aphotographes stu-
dio or on a motion pictureset. Photographereftenthink of lights
in termsof their effectsor purposege.qg. key light, rim light, etc.).
In Figure 1, the arraws in the humanskull diagramon the right
indicatehow theillustrator usedlighting to emphasizehe impor
tantaspect®f the skull. Diagramdlik e this areoftenusedto teach
illustratorsandphotographerbow to uselighting effectively.

In this paper we describea simple interactive tool to produce
technicalillustrationsfrom a collection of photographof an ob-
ject, eachtakenunderadifferentlighting ervironment. Thesepho-
tographsarecombinedusingspatially-\aryinglight matteso deter
minethe nal lighting for differentregionsof the composite.The
interfaceprovides a corvenientsetof tools that allow an artistto
combinephotographso createhigh quality illustrationslik e thatof
thehumanskull shavn in Figurel. It shouldbe notedthatour goal
is not physical accurag, eventhoughour compositeimagesoften
appearealistic. As with mary scienti c illustrationtechniqueswe
sacri ce physicalaccuray in orderto effectively corvey the shape
andfeaturesof anobject.

We have beenworking with anthropologistsvho often needto
producewell-lit depictionsof artifactsfor publication. Currently
this involves one of two laborintensie processeseither solving
the dif cult traditional lighting-designproblemfor photograpi,
or producinghandmadellustrations. Our systemallows usersto
quickly producephotographidllustrationswith far lesseffort or
artisticskill.

2 Related Work

Thegoalsandtechnique®f cinematidighting designarediscussed
in detailin bookson photograpk [Adams1999; Londonand Up-
ton 1997], Im [Alton 1995] and stagelighting [Millerson 1991].
Calahan[2000] hassummarizedhis classicwork and practicein
the context of computergeneratedmagery In contrastfunctional
lighting designhas different goals, such as the minimization of
glareor the even lighting of a work surface[Kaufmanand Chris-
tenserl984]. In this paperwe concentrat®n usinglighting design
for technicaillustrationanddraw uponillustrationmanualsuchas
the Guild Handbooldiscussedh theintroduction[Hodges1989].
In computeigraphicslighting designtoolsareoftenbasednin-
versdighting algorithms.For example,it is possibleio computethe
intensitiesof light sourceshasedon photograph®f an object[Yu
etal. 1999;RamamoorthandHanrahar2001]. Alternatively, auser
canpaintthedesiredighting qualities,andalgorithmsexist to solve

for the propertiesof a uniform arealight sourcein a diffuse ervi-
ronment{Schoenemaet al. 1993;Kawai et al. 1993]. Techniques
arealsoavailablefor controllingthepositionof lights by directma-
nipulation of shadevs [Poulin and Fournier 1992; Pellaciniet al.
2002]andhighlights[Poulin andFournier1992].

One of the mostimportantinsightsin relighting algorithmsis
thatlight transporis linear Theimageof a scendlluminatedwith
multiple sourcesmay be computedby summingthe imagesof the
sceneilluminated by eachsingle source. Lighting designby dig-
itally compositingmultiple light imagesis a simple techniquefor
adjustindight intensitiesandcontrollingtherelatve amountof dif-
fuseandspeculatighting. A variationthatworksfor environment
mapsis to projectthelighting ontoa differentbasis suchasspheri-
calharmonicgNimeroff etal. 1994;Dobashietal. 1995;Teoetal.
1997; Sloanet al. 2002], or to computethe Principal Component
Analysisof thecollectionof imageso form eigenlightimages Ep-
steinetal.[1995]andRamamoorthj2002] have shavn empirically
thatusuallyonly a few imagesareneededo approximateary de-
siredlighting. In all theselinear techniquesthe light imagesare
combinedusing a single weight per image; in this paper we use
spatially-\aryingweights.

An importantmotivationfor our approactis new technologyfor
rapidly collectinga large numberof imagesunderdifferentillumi-
nationconditions.Thishasbeendoneusingaroboticallycontrolled
light sourceglDebevecetal. 2000],a setof electronicallycontrolled

ashesatselectegointson a spherdGeoighiadesetal. 2001;De-

bevecetal. 2002;Malzbendeetal. 2001],or asetof handheldight

sourcegMasseluset al. 2002]. The goal of theseprevious capture
systemshasbeento collectasetof imagessothatobjectscanbere-

lit in realtime [Malzbenderetal. 2001] or usingillumination from

a naturalenvironment[Debevec et al. 2000; Hawkins et al. 2001;
Debevecetal. 2002].

Finally, there are several recent papersthat develop non-
photorealistigNPR) lighting modelsfor illustration. Goochet al.
[1998] describea cool-to-warm shadingmodelto producepictures
in the style of technicalillustration. Sloanetal. [2001]introduced
theideaof theLIT sphereanidealizedervironmentmapthatpro-
ducessimple,effective lighting effects.Hamel[2000] introduceda
component-basddjhting modelthatis basednideasin the Guild
Handbook.(SeeStrothotteand Schlechtwg [2002] for a nice dis-
cussionof this model.) AndersonandLevoy [2002] have alsoused
NPRIighting effectsto illustrateunwrappe®D scanf cuneiform
tablets. Our approachs the rst to produceNPR lighting effects
with linearbasisimagescombinedusingspatially-\aryingweights.

3 Relighting for Illustration

Thissectiondescribe®urimagecompositiortechniqueandanovel
userinterfacethatcanbe usedto easilycreateillustrationsthat ef-
fectively corvey the shapeandfeaturesof anobject.

3.1 Spatially Varying Lighting

Our systemtakesa setof photographssinput andproducesa sin-
gle compositeimageasoutput. The input imagesconsistof pho-
tographstaken from the samepoint of view but with differing in-
cidentlighting directions. We associateachsourcephotograpts;
with a matteimagew; that modulatests contritution to the nal
compositeémageat eachpixel p(x;y). The n weightedsourceim-
agesare then addedtogetherto producethe nal composite. To
ensurethatthe compositephotograpthasthe sameaveragebright-
nessastheinputimageswe requirethatthe weightsat eachpixel
sumto one. For eachpixel p(x;y) in thecompositémage:

pixy) = A wilxy)s(xy); and dw(xy)=1 (1)
i=1 i=1



Figure2: Threesamplephotographef ababoorskull casttakenunderdifferentlighting conditions,shavn abose their correspondingnattes.
The compositadmageis shavn on theright. Arrows indicatelocal variationin thelighting directionacrosgheresultingcomposite.

After changingone of the weightswi(x;y) to wi{x;y), we can
renormalizethe sum by multiplying eachof then 1 remaining
weightsfor that pixel by a single coefcient. Sincethe weights
sumto onebeforethe adjustmentye canperformthis calculation
incrementallyby deriving this coefcient in termsof the old and
new weightsof the k! image:

1 wAxy)
1 wi(xy)

We clampw,P to a valuesslightly lessthanoneto presere the
relative proportionsof the otherweightsfor that pixel. This also
precludeghepossibility of division by zeroin Equation2.

Figure2 illustratesthe applicationof spatially-\aryingmattesto
producea compositephotographof a baboonskull cast.

wikxy) = wi(xy) 8i6 k @)

3.2 An Interactive Application

Sinceour input datatypically consistof hundredsof photographs,
creatingcompositephotographsvith themcanbedif cult usingex-
istingimagemanipulatiortools. Thechallengesncludenavigating
this large setof inputimagesaswell asupdatingandrenderingthe
compositeat interactve rates. To addresgheseconcernsye have
developedan interactize applicationdesignedo male it easierto
produceeffective technicalillustrationsusing our technique.Fig-
ure 3 shaws a labeledscreenshotof our interface. Pleaseseethe
includedvideofootagefor someexamplesof its use.

3.2.1 Painting Interface

Ourinterfaceis built on afamiliar paintingparadigm,n which the
artist usesa virtual airbrushto paint directly into the matteim-
agesassociatedvith eachphotograph. The airbrushhas several
attributes:light direction,brushsize,andbrushweight. A trackball
interfacegivestheartistthe ability to chooseary lighting direction
on the sphere.Eachdirectionselectsa singleoriginal photograph,
which is displayedto the side of the compositeimage. The brush
affectsthe mattefor the currently selectedphotographjmplicitly
modifyingall othernon-zeramattesvhentheweightsarerenormal-
ized. A gaussiarfalloff functionis usedto smoothlydecrease¢he
weight contributionsacrossthe width of the brush. A large brush
size gives the artist the ability to make sweepingchangeso the
compositephotographwhile a small brushsize allows for small,
sharpchangege.g. applyingrim lighting aroundthe silhouetteof
theobjector removing smallshadavs or highlightsthatobscurém-
portantdetails.)Finally, theweightof the brushcontrolstherateat
which virtual paintis depositecdbn the carvas.

3.2.2 Interpolating the Light Direction

Sincethelighting directionis anattribute of thebrush paintingcan
becometediouswhenthe artistwantsto changethe light direction
smoothlyacrosghecomposite.To addresshis, we provide amode
in which it is possibleto place3D arrows directly onto the com-
positeimage,forming a vector eld of lighting directions. When
the userappliesa brushto the carvasin this mode,thelighting di-
rectionsareinterpolatedacrosgheextentof the brushaccordingo
thevector eld. Theinterpolatedight directionat a pixel is com-
putedby takinganaverageof all thevectorswveightedby theinverse
squareof their distanceto thatpixel. Figure5 illustratesthe useof
thistool to createanillustrationof the moon's surface.

3.2.3 Environment Maps

As themousecursoris movedacrosgshecompositethesystendis-

playsthe ervironmentmapfor the pixel currentlyunderthe cursor

This mapis displayedas a point renderingof a sphere,in which

eachpointis color codedaccordingto the amountof light coming
from that direction. This is helpful in two ways: (1) it indicates
which input photographgontritute to the compositeat ary given
pixel so that their correspondingnattescan be found quickly for

editing,and(2) it givesa physicaldepictionof thelighting erviron-

ment(asa setof point lights) for eachregion of the compositeto

helptheusercreatedesiredocal lighting effects.

3.3 Implementation

The main challengein the implementationof our systemis pro-

cessingthe large numberof input imagesthat we use (typically

hundreds).To enablethe manipulationof the compositesat anin-

teractve rate, we make heary useof graphicshardware accelera-
tion. Eachsourceimageand matteis storedas a texture on the

graphicscardandis loadedonly whenthe mattecontainsnon-zero
entries. Image compositionis accomplishedy modulatingeach
sourceimagewith its associatednatte using multi-texturing and
thencombiningthe weightedslicesusing additive blending. This

implementationallows renderingto proceedin real time on con-
sumergraphicshardware.

Storing the matte textures separatelyfrom the sourceimages
(ratherthanasan alphachannel)allows usto representhe mattes
atlower resolutions Experimentationndicatesthatthe mattescan
be representedt about% the resolutionof the photographswith-
outintroducingartifactsin thecompositesThis greatlyreduceghe
time requiredto updatethe mattesastheartistpaints.
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Figure 3: Our interactize painting systemconsistsof two separateomponentsa compositewindow (left) anda controlswindow (right).

The artist manipulateghe light directionin the controlswindow to selecta sourcephotographfrom the input dataset. The matteimage
correspondingo this sourcephotographis shawvn in the upperright. Using the brush, the artist then paintsfeaturesfrom the currently
selectedourcephotograptinto the composite.The matteimageis updatediuring paintingto re ect changesAs the mousecursoris moved
acrosghe compositethe ervironmentmapchangeso shaw thelighting distribution for the pixel underthe cursor

4 Results

We usedthefollowing threedatasetso testour illustrationsystem:

1. BaboonSkull Cast Photographsf a castof amalebaboon
skull with detailedtextureandanintricateshape.

2. Robotic Assembly Photograph®f a small metallic object
with anisotropiae ection.

3. The Moon: Twelve photograph®f the moontaken at differ-
entphase®f thelunarcycle.

To collectthe skull androboticassemblydata,we usedanauto-
matedight stageto acquireasetof imagesrom a singleviewpoint
andundervarying lighting directions. We sampledthe sphereof
lighting directionsat 36 equalintenalsin f and19 unequalinter
valsin q. Samplingn latitudewasdonein equalintenalsof coq q)
to sampletheradianceuniformly.

Thebaboonskull (Figurel) presents signi cant lighting chal-
lengeto aphotographewith its comple, self-shadwing shapeand
intricate surfacetexture. Goodphotograph®f suchobjectsareso
hardto producethatanthropologisteftenresortto time-consuming
handmaderawvingsin lieu of photographsThe baboornskull com-
positegeneratedby our systemhasmary featuresn commonwith
the handmadéumanskull illustration,asenumerateih Figure4.

The moonexampleillustratesan applicationof our systemto a
datasetcquiredoutsideof acontrolledlighting lab. Themoonwas
photographedn twelve consecutie nightsduring the waxing por-
tion of its cycle. Theinclinationandelliptical shapeof themoon's
orbit giveit aslightapparentvobblethatcausesdts surfacefeatures
to drift out of alignmentover the courseof thelunarcycle. We cor-
rectedthis misalignmenby projectingthephotographsf themoon
ontoaspherewhichwethenrotatedto compensatéor thewobble.
In eachphotographdetail of thelunarterrainis mostvisible along
its terminator the areawherethe sun light strikesthe surfaceof
themoonat a grazingangle. The taskof revealingthis surfacede-
tail over the entire areaof the moon's disk waswell-suitedto the
light directioninterpolationfeatureof our system(Figure5).

The robotic assembly(Figure 6) posesa different set of chal-
lengesto our system,largely due to its highly specularmetallic
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Figure4: Resultsfrom applying our methodto photographf a
baboorskull cast. Note the useof tangentialighting to emphasize
foramina(nere channelsplongthe nose(1), removal of shadavs
from the eye soclet (2), shadav placemento emphasizéhe zygo-
maticarch(3), plateaulighting in large at areag4), darker shad-
ing to emphasizareasof high cunature(5), useof rim shadwing
alongthe lower jaw (6), andthe placemenbf a small shadev be-
hindtheleft caninetoothto emphasizéts size(7).



Figure5: Above: Twelve photographef the moontakenon consecutie nightsduringthewaxingportionof thelunarcycle. Below, from left
to right: a) An unmodi ed photograptof a full moon.b) A setof controlarrans usedto de ne a eld of incidentlighting directionsthatlie
tangentto the moons surfaceacrossts breadth.c) The resultingcompositephotographwhich combinessurfacedetail from the terminator
zonesof eachof theinput photographsThedisk's at appearanceesultsfrom thelossof large scaleshadingvariationduring composition.
Sourcemoonphotographsc 2002-2003Tom Talbott(http://www.blarg.net/ thomast/).

Figure 6: Above: Three exampleimagesof a robotic assembly
takenunderthreedifferentlighting directions(indicatedby arrons).
Below: An imagecompositeproducedwith our system. The col-
oredarraws indicatethe predominantighting directionusedin se-
lectedregions of the composite. The rst two were usedto add
highlightsto the cylindrical basewhile thethird wasusedto reveal
thebrushedextureof a at surface.Not all photographgontritut-
ing to the compositeareshawvn.

appearance.The assemblys specularsurface presentsa problem
with dynamicrange;no single exposuresettingcancaptureall of

its importantfeatures.To solve this problem,we supplementedur
datasetby taking photographsat two differentexposures.Longer
exposuresevealeddarkerregionsof theobject,while shorterexpo-
suresavoided oversaturatiorin regionswith bright specularigh-
lights. We paintedwith photograph$rom bothexposuresetswhen
creatingthe compositeusingtheinterfaceto alternatebetweerex-

posuresasneededWe alsousedhighlightsfrom bothexposuresets

to createalternatingbandsof light anddark orientedalonglines of
zerocurvature.Suchbandshave traditionallybeenusedby illustra-
torsto identify objectsasmetallicandto indicatetheir shapesince
they mimic real-world anisotropicre ection effects[Goochet al.
1998].

5 Discussion

Ourgoalhasbeento developtechniqueshatmale it easyto create
illustrationsof complec objectsthat effectively communicateheir

shapeand texture using commonlighting designtechniques.We

have presentedhn interactive tool that allows a userto relight ob-

jects by compositinga large numberof photographdaken under
differentlighting conditions. Our illustration systemis the rst of

its kind to suggesthe ideaof spatiallyvaryingthe lighting across
animage.

While it is theoreticallypossibleto produceimageslike ours
with traditional image compositingtools, it is infeasiblein prac-
tice. Several of our featuresaddresghis infeasibility and distin-
guishour applicationfrom compositingtools availablein systems
like Adobe® Photoshop :

Image navigation: Thereare hundredsof sourceimagesin
our skull androboticassemblydatasets;we provide the abil-
ity to uselighting directionto navigatethemquickly.

Painting many mattes simultaneously The interpolating
brush(Sec.3.2.2)allows oneto adjustseveral of the mattes
atonceandmaintainsmoothtransitionsin the compositebe-
tweenareagdravn from differentinputimages.We usedthis
featureheavily in themoonexample.

Renormalization: To avoid oversaturationwhen using so
mary additive blendingoperationswe enforcea normaliza-
tion constraintacrossall the mattesfor eachpixel.

Ef ciency : In orderto provide real-timefeedbackto theuser
during painting, we take advantageof graphicshardwareac-
celerationto performthe compositingoperationgjuickly.



Our interface makes it possibleto produceimage composites
with little time or effort. The skull androbotic assemblycompos-
iteseachtook about10 minutesto produce andthe moonabout45
minutes. In all threecasesthe “artist” wasa CS graduatestudent
without ary experiencein art or illustration. Indeed,muchof our
enthusiasnfor this techniquestemsfrom the easewith which we
obtainedour resultswithout possessingarticularartistic skill.

We think this approactto photographidllustrationis promising
andsuggestsnary directionsfor future work. While we suspect
thatartistswill alwaysplay somerolein theillustrationprocessywe
believe that partsof this processcanbe automated Burt andKol-
czynski[1993] have developedimagefusion operatorsthat com-
bine differentimages(for example,differentexposures¥o form a
composite Their methodscould be appliedto the problemof com-
biningimagesunderdifferentilluminations.We couldalsoprovide
higherlevel interactiontools (e.g. a contrastbrush)to make the
artist's job easier

Finally, it is becomingeasyto collect a setof imagesusinga
“smart” camera.Cancamerade programmedo alwayscollecta
useful setof images?Whatis that useful set? And, cangeneral
interactive toolsbe built for processinghoseimagesets?
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