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Abstract

Hand-craftedillustrationsareoftenmoreeffectivethanphotographs
for conveying the shapeand importantfeaturesof an object, but
they requireexpertiseandtime to produce.We describean image
compositingsystemanduserinterfacethatallow anartistto quickly
andeasilycreatetechnicalillustrationsfrom asetof photographsof
anobjecttakenfrom thesamepointof view undervariablelighting
conditions.Our systemusesa novel compositingprocessin which
imagesarecombinedusingspatially-varyinglight mattes,enabling
the �nal lighting in eachareaof the compositeto be manipulated
independently. Wedescribeaninterfacethatprovidesfor thepaint-
ingof locallightingeffects(e.g.shadows,highlights,andtangential
lighting to reveal texture) directly onto the composite.We survey
someof the techniquesusedin illustration and lighting designto
convey theshapeandfeaturesof objectsanddescribehow oursys-
temcanbeusedto applythesetechniques.
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ogy
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1 Intro duction

Algorithmsfor lighting simulationhavecontinuedto improvein re-
centyears.Lighting design,however, remainsa big problem. An
applicationwheregoodlighting designis importantis technicalil-
lustration.Theexampleof a humanskull shown at thetop of Fig-
ure1 is from theGuild HandbookonScienti�c Illustration[Hodges
1989].Theillustrationontheright doesabetterjob of depictingthe
form andimportantfeaturesof theskull thanthephotographonthe
left. Onereasonfor its effectivenessis its carefuluseof lighting.

� dakersjlosassojklingnerjmaneeshjhanrahan@graphics.stanford.edu
†johnrick@stanford.edu

Figure1: Above: A photographof a humanskull, followedby an
artist's handmadedrawing of the sameskull [Hodges1989]. Ar-
rows in thedrawing indicatevariancein thelocal lighting direction
that theartistusedto emphasizetheshapeandtextureof theskull.
Below: A photographof a baboonskull, followedby a composite
imagewe generatedfrom a setof many photographstaken under
differentlighting directions.(Top row imagesareusedby permis-
sionof JohnWiley & Sons,Inc.)

Lighting canbeusedto convey:

� Orientation: On smoothportionsof a curved surface, di-
rectionallight is usedto creatediffuseshading,which helps
viewersestimatethe local orientationof the surfaceanddif-
ferentiatebetweenconvex andconcavepartsof theshape.

� Curvature: Regionswith high curvatureor edgediscontinu-
itiesareoftenemphasizedwith highlights.Photographersde-
pict metallic objectsusing linear lights, aligning highlights
with directionsof zerocurvature.

� Bumps and texture: Small-scalesurfacefeaturesaremuch
easierto detectundersideor raking lighting. Shadows cast
by thesefeaturescreateregions of high contrastand reveal
texture. The best landscapephotographsare often taken at
dawnordusk;thebestviewsof themoon'scratersoccuralong
its terminator[KoenderinkandPont2002].

� Silhouettes: Thesilhouetteof anobjectis oneof its mostdis-
tinctive features.Rim lighting is oftenusedalongtheedgeof
anobjectto distinguishit from adarkbackground.Rim shad-
owing servesthesamepurposeagainsta light background.



Sinceconveying shapeandform is a primary goal of illustration,
illustrators are generallynot concernedwith physically accurate
lighting. In fact,to aphotographeror 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,particularly in naturalenviron-
mentsthatexhibit ahighdynamicrange.

� Shadows: While they provideusefulcuesof relativeposition,
shadowsoftenhideimportantdetails.Moreover, their umbral
andpenumbralboundariescanbedistracting.Theillustration
of the humanskull in Figure1 hasfewer shadows than the
photograph.

� Distracting highlights: Shiny objectsoften have distracting
highlights in confusingpositions. For example,anthropolo-
gistshave reportedgreatdif�culty in photographingobsidian
toolsbecauseof theirhighspecularity[Rick andWhite1975].

Any photographeror illustratorknowsthatlighting designis ahard
problem.Thelightsarecarefullycontrolledin aphotographer'sstu-
dio or on a motionpictureset. Photographersoftenthink of lights
in termsof their effectsor purposes(e.g. key light, rim light, etc.).
In Figure 1, the arrows in the humanskull diagramon the right
indicatehow the illustrator usedlighting to emphasizethe impor-
tantaspectsof theskull. Diagramslike this areoftenusedto teach
illustratorsandphotographershow to uselighting effectively.

In this paper, we describea simple interactive tool to produce
technicalillustrationsfrom a collectionof photographsof an ob-
ject,eachtakenundera differentlighting environment.Thesepho-
tographsarecombinedusingspatially-varyinglight mattesto deter-
mine the �nal lighting for differentregionsof thecomposite.The
interfaceprovidesa convenientsetof tools that allow an artist to
combinephotographsto createhighquality illustrationslike thatof
thehumanskull shown in Figure1. It shouldbenotedthatourgoal
is not physical accuracy, even thoughour compositeimagesoften
appearrealistic.As with many scienti�c illustrationtechniques,we
sacri�ce physicalaccuracy in orderto effectively convey theshape
andfeaturesof anobject.

We have beenworking with anthropologistswho often needto
producewell-lit depictionsof artifactsfor publication. Currently,
this involvesoneof two labor-intensive processes:eithersolving
the dif�cult traditional lighting-designproblemfor photography,
or producinghandmadeillustrations. Our systemallows usersto
quickly producephotographicillustrationswith far lesseffort or
artisticskill.

2 Related Work

Thegoalsandtechniquesof cinematiclighting designarediscussed
in detail in bookson photography [Adams1999;LondonandUp-
ton 1997], �lm [Alton 1995] andstagelighting [Millerson 1991].
Calahan[2000] hassummarizedthis classicwork andpracticein
thecontext of computer-generatedimagery. In contrast,functional
lighting designhas different goals, such as the minimization of
glareor the even lighting of a work surface[KaufmanandChris-
tensen1984]. In thispaper, weconcentrateonusinglighting design
for technicalillustrationanddraw uponillustrationmanualssuchas
theGuild Handbookdiscussedin theintroduction[Hodges1989].

In computergraphics,lighting designtoolsareoftenbasedonin-
verselighting algorithms.For example,it is possibleto computethe
intensitiesof light sourcesbasedon photographsof an object[Yu
etal.1999;RamamoorthiandHanrahan2001].Alternatively, auser
canpaintthedesiredlighting qualities,andalgorithmsexist to solve

for the propertiesof a uniform arealight sourcein a diffuseenvi-
ronment[Schoenemanet al. 1993;Kawai et al. 1993]. Techniques
arealsoavailablefor controllingthepositionof lightsby directma-
nipulationof shadows [Poulin andFournier1992; Pellaciniet al.
2002]andhighlights[PoulinandFournier1992].

One of the most importantinsightsin relighting algorithmsis
thatlight transportis linear. Theimageof a sceneilluminatedwith
multiple sourcesmaybecomputedby summingthe imagesof the
sceneilluminatedby eachsinglesource. Lighting designby dig-
itally compositingmultiple light imagesis a simpletechniquefor
adjustinglight intensitiesandcontrollingtherelativeamountof dif-
fuseandspecularlighting. A variationthatworksfor environment
mapsis to projectthelighting ontoadifferentbasis,suchasspheri-
calharmonics[Nimeroff etal. 1994;Dobashietal. 1995;Teoetal.
1997; Sloanet al. 2002], or to computethe PrincipalComponent
Analysisof thecollectionof imagesto form eigenlightimages.Ep-
steinetal. [1995]andRamamoorthi[2002]haveshown empirically
thatusuallyonly a few imagesareneededto approximateany de-
sired lighting. In all theselinear techniques,the light imagesare
combinedusinga singleweight per image; in this paper, we use
spatially-varyingweights.

An importantmotivationfor ourapproachis new technologyfor
rapidly collectinga largenumberof imagesunderdifferentillumi-
nationconditions.Thishasbeendoneusingaroboticallycontrolled
light source[Debevecetal. 2000],asetof electronicallycontrolled
�ashesat selectedpointsonasphere[Georghiadesetal. 2001;De-
bevecetal.2002;Malzbenderetal.2001],or asetof handheldlight
sources[Masseluset al. 2002]. Thegoalof thesepreviouscapture
systemshasbeento collectasetof imagessothatobjectscanbere-
lit in realtime [Malzbenderet al. 2001]or usingillumination from
a naturalenvironment[Debevec et al. 2000;Hawkins et al. 2001;
Debevecetal. 2002].

Finally, there are several recent papers that develop non-
photorealistic(NPR) lighting modelsfor illustration. Goochet al.
[1998] describea cool-to-warmshadingmodelto producepictures
in thestyleof technicalillustration. Sloanet al. [2001] introduced
theideaof theLIT sphere,anidealizedenvironmentmapthatpro-
ducessimple,effective lighting effects.Hamel[2000] introduceda
component-basedlighting modelthatis basedon ideasin theGuild
Handbook.(SeeStrothotteandSchlechtweg [2002] for a nicedis-
cussionof this model.)AndersonandLevoy [2002]have alsoused
NPRlighting effectsto illustrateunwrapped3D scansof cuneiform
tablets. Our approachis the �rst to produceNPR lighting effects
with linearbasisimagescombinedusingspatially-varyingweights.

3 Relighting for Illustration

Thissectiondescribesourimagecompositiontechniqueandanovel
userinterfacethatcanbeusedto easilycreateillustrationsthatef-
fectively convey theshapeandfeaturesof anobject.

3.1 Spatially Varying Lighting

Our systemtakesa setof photographsasinput andproducesa sin-
gle compositeimageasoutput. The input imagesconsistof pho-
tographstaken from the samepoint of view but with differing in-
cidentlighting directions.We associateeachsourcephotographsi
with a matteimagewi that modulatesits contribution to the �nal
compositeimageat eachpixel p(x;y). Then weightedsourceim-
agesare then addedtogetherto producethe �nal composite. To
ensurethatthecompositephotographhasthesameaveragebright-
nessasthe input images,we requirethat theweightsat eachpixel
sumto one.For eachpixel p(x;y) in thecompositeimage:

p(x;y) =
n

å
i= 1

wi(x;y)si(x;y); and
n

å
i= 1

wi(x;y) = 1 (1)



Figure2: Threesamplephotographsof ababoonskull casttakenunderdifferentlighting conditions,shown abovetheircorrespondingmattes.
Thecompositeimageis shown on theright. Arrows indicatelocal variationin thelighting directionacrosstheresultingcomposite.

After changingoneof the weightswk(x;y) to wk
0(x;y), we can

renormalizethe sum by multiplying eachof the n � 1 remaining
weightsfor that pixel by a single coef�cient. Sincethe weights
sumto onebeforetheadjustment,we canperformthis calculation
incrementallyby deriving this coef�cient in termsof the old and
new weightsof thekth image:

wi
0(x;y) =

�
1� wk

0(x;y)
1� wk(x;y)

�
wi(x;y) 8i 6= k (2)

We clampwk
0 to a valueslightly lessthanoneto preserve the

relative proportionsof the otherweightsfor that pixel. This also
precludesthepossibilityof divisionby zeroin Equation2.

Figure2 illustratestheapplicationof spatially-varyingmattesto
produceacompositephotographof ababoonskull cast.

3.2 An Interactive Application

Sinceour input datatypically consistof hundredsof photographs,
creatingcompositephotographswith themcanbedif�cult usingex-
isting imagemanipulationtools.Thechallengesincludenavigating
this largesetof input imagesaswell asupdatingandrenderingthe
compositeat interactive rates.To addresstheseconcerns,we have
developedan interactive applicationdesignedto make it easierto
produceeffective technicalillustrationsusingour technique.Fig-
ure 3 shows a labeledscreenshotof our interface. Pleaseseethe
includedvideofootagefor someexamplesof its use.

3.2.1 Painting Interface

Our interfaceis built on a familiar paintingparadigm,in which the
artist usesa virtual airbrushto paint directly into the matte im-
agesassociatedwith eachphotograph. The airbrushhasseveral
attributes:light direction,brushsize,andbrushweight.A trackball
interfacegivestheartisttheability to chooseany lighting direction
on thesphere.Eachdirectionselectsa singleoriginal photograph,
which is displayedto the sideof the compositeimage. The brush
affects the mattefor the currentlyselectedphotograph,implicitly
modifyingall othernon-zeromatteswhentheweightsarerenormal-
ized. A gaussianfalloff function is usedto smoothlydecreasethe
weight contributionsacrossthe width of the brush. A large brush
size gives the artist the ability to make sweepingchangesto the
compositephotograph,while a small brushsizeallows for small,
sharpchanges(e.g. applyingrim lighting aroundthesilhouetteof
theobjector removing smallshadowsor highlightsthatobscureim-
portantdetails.)Finally, theweightof thebrushcontrolstherateat
whichvirtual paintis depositedon thecanvas.

3.2.2 Interp olating the Light Direction

Sincethelighting directionis anattributeof thebrush,paintingcan
becometediouswhentheartistwantsto changethe light direction
smoothlyacrossthecomposite.To addressthis,weprovideamode
in which it is possibleto place3D arrows directly onto the com-
positeimage,forming a vector �eld of lighting directions. When
theuserappliesa brushto thecanvasin this mode,thelighting di-
rectionsareinterpolatedacrosstheextentof thebrushaccordingto
thevector�eld. The interpolatedlight directionat a pixel is com-
putedby takinganaverageof all thevectorsweightedby theinverse
squareof their distanceto thatpixel. Figure5 illustratestheuseof
this tool to createanillustrationof themoon'ssurface.

3.2.3 Environment Maps

As themousecursoris movedacrossthecomposite,thesystemdis-
playstheenvironmentmapfor thepixel currentlyunderthecursor.
This map is displayedasa point renderingof a sphere,in which
eachpoint is color codedaccordingto theamountof light coming
from that direction. This is helpful in two ways: (1) it indicates
which input photographscontribute to the compositeat any given
pixel so that their correspondingmattescanbe found quickly for
editing,and(2) it givesaphysicaldepictionof thelighting environ-
ment(asa setof point lights) for eachregion of the compositeto
helptheusercreatedesiredlocal lighting effects.

3.3 Implementation

The main challengein the implementationof our systemis pro-
cessingthe large numberof input imagesthat we use(typically
hundreds).To enablethemanipulationof thecompositesat an in-
teractive rate,we make heavy useof graphicshardwareaccelera-
tion. Eachsourceimageand matteis storedas a texture on the
graphicscardandis loadedonly whenthemattecontainsnon-zero
entries. Imagecompositionis accomplishedby modulatingeach
sourceimagewith its associatedmatteusing multi-texturing and
thencombiningthe weightedslicesusingadditive blending. This
implementationallows renderingto proceedin real time on con-
sumergraphicshardware.

Storing the matte textures separatelyfrom the sourceimages
(ratherthanasanalphachannel)allows us to representthemattes
at lower resolutions.Experimentationindicatesthatthemattescan
be representedat about 1

4 the resolutionof the photographswith-
out introducingartifactsin thecomposites.Thisgreatlyreducesthe
time requiredto updatethemattesastheartistpaints.
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Figure3: Our interactive paintingsystemconsistsof two separatecomponents:a compositewindow (left) anda controlswindow (right).
The artist manipulatesthe light direction in the controlswindow to selecta sourcephotographfrom the input dataset.The matteimage
correspondingto this sourcephotographis shown in the upperright. Using the brush,the artist then paintsfeaturesfrom the currently
selectedsourcephotographinto thecomposite.Thematteimageis updatedduringpaintingto re�ect changes.As themousecursoris moved
acrossthecomposite,theenvironmentmapchangesto show thelighting distribution for thepixel underthecursor.

4 Results

Weusedthefollowing threedatasetsto testour illustrationsystem:

1. BaboonSkull Cast: Photographsof a castof a malebaboon
skull with detailedtextureandanintricateshape.

2. Robotic Assembly: Photographsof a small metallic object
with anisotropicre�ection.

3. The Moon: Twelve photographsof themoontakenat differ-
entphasesof thelunarcycle.

To collecttheskull androboticassemblydata,we usedanauto-
matedlight stageto acquireasetof imagesfrom asingleviewpoint
andundervarying lighting directions. We sampledthe sphereof
lighting directionsat 36 equalintervals in f and19 unequalinter-
valsin q. Samplingin latitudewasdonein equalintervalsof cos(q)
to sampletheradianceuniformly.

Thebaboonskull (Figure1) presentsa signi�cant lighting chal-
lengeto aphotographerwith its complex, self-shadowing shapeand
intricatesurfacetexture. Goodphotographsof suchobjectsareso
hardto producethatanthropologistsoftenresortto time-consuming
handmadedrawingsin lieu of photographs.Thebaboonskull com-
positegeneratedby our systemhasmany featuresin commonwith
thehandmadehumanskull illustration,asenumeratedin Figure4.

Themoonexampleillustratesanapplicationof our systemto a
datasetacquiredoutsideof acontrolledlighting lab. Themoonwas
photographedon twelve consecutive nightsduringthewaxingpor-
tion of its cycle. Theinclinationandelliptical shapeof themoon's
orbit give it aslightapparentwobblethatcausesits surfacefeatures
to drift outof alignmentover thecourseof thelunarcycle. Wecor-
rectedthismisalignmentby projectingthephotographsof themoon
ontoasphere,whichwethenrotatedto compensatefor thewobble.
In eachphotograph,detailof thelunarterrainis mostvisible along
its terminator, the areawherethe sun's light strikesthe surfaceof
themoonat a grazingangle.Thetaskof revealingthis surfacede-
tail over the entireareaof the moon's disk waswell-suitedto the
light directioninterpolationfeatureof oursystem(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 applyingour methodto photographsof a
baboonskull cast.Notetheuseof tangentiallighting to emphasize
foramina(nerve channels)alongthenose(1), removal of shadows
from theeye socket (2), shadow placementto emphasizethezygo-
maticarch(3), plateaulighting in large �at areas(4), darker shad-
ing to emphasizeareasof high curvature(5), useof rim shadowing
alongthe lower jaw (6), andtheplacementof a small shadow be-
hind theleft caninetoothto emphasizeits size(7).
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Figure5: Above: Twelvephotographsof themoontakenonconsecutivenightsduringthewaxingportionof thelunarcycle. Below, from left
to right: a) An unmodi�ed photographof a full moon.b) A setof controlarrows usedto de�ne a �eld of incidentlighting directionsthat lie
tangentto themoon's surfaceacrossits breadth.c) Theresultingcompositephotograph,which combinessurfacedetail from theterminator
zonesof eachof theinput photographs.Thedisk's �at appearanceresultsfrom thelossof largescaleshadingvariationduringcomposition.
Sourcemoonphotographsc
 2002-2003TomTalbott(http://www.blarg.net/� thomast/).

Figure 6: Above: Threeexample imagesof a robotic assembly
takenunderthreedifferentlightingdirections(indicatedby arrows).
Below: An imagecompositeproducedwith our system.The col-
oredarrows indicatethepredominantlighting directionusedin se-
lectedregions of the composite. The �rst two were usedto add
highlightsto thecylindrical base,while thethird wasusedto reveal
thebrushedtextureof a �at surface.Not all photographscontribut-
ing to thecompositeareshown.

appearance.The assembly's specularsurfacepresentsa problem
with dynamicrange;no singleexposuresettingcancaptureall of
its importantfeatures.To solve thisproblem,wesupplementedour
datasetby takingphotographsat two differentexposures.Longer
exposuresrevealeddarkerregionsof theobject,while shorterexpo-
suresavoidedoversaturationin regionswith bright specularhigh-
lights. We paintedwith photographsfrom bothexposuresetswhen
creatingthecomposite,usingtheinterfaceto alternatebetweenex-
posuresasneeded.Wealsousedhighlightsfrom bothexposuresets

to createalternatingbandsof light anddarkorientedalonglinesof
zerocurvature.Suchbandshavetraditionallybeenusedby illustra-
torsto identify objectsasmetallicandto indicatetheir shape,since
they mimic real-world anisotropicre�ection effects [Goochet al.
1998].

5 Discussion

Ourgoalhasbeento developtechniquesthatmake it easyto create
illustrationsof complex objectsthateffectively communicatetheir
shapeandtexture usingcommonlighting designtechniques.We
have presentedan interactive tool that allows a userto relight ob-
jects by compositinga large numberof photographstaken under
differentlighting conditions.Our illustrationsystemis the �rst of
its kind to suggestthe ideaof spatiallyvarying the lighting across
animage.

While it is theoreticallypossibleto produceimageslike ours
with traditional imagecompositingtools, it is infeasiblein prac-
tice. Several of our featuresaddressthis infeasibility anddistin-
guishour applicationfrom compositingtools availablein systems
likeAdobeR
 PhotoshopR
 :

� Image navigation: Therearehundredsof sourceimagesin
our skull androboticassemblydatasets;we provide theabil-
ity to uselighting directionto navigatethemquickly.

� Painting many mattes simultaneously: The interpolating
brush(Sec.3.2.2)allows oneto adjustseveral of the mattes
at onceandmaintainsmoothtransitionsin thecompositebe-
tweenareasdrawn from differentinput images.We usedthis
featureheavily in themoonexample.

� Renormalization: To avoid oversaturationwhen using so
many additive blendingoperations,we enforcea normaliza-
tion constraintacrossall themattesfor eachpixel.

� Ef�ciency : In orderto provide real-timefeedbackto theuser
duringpainting,we take advantageof graphicshardwareac-
celerationto performthecompositingoperationsquickly.



Our interfacemakes it possibleto produceimagecomposites
with little time or effort. Theskull androboticassemblycompos-
iteseachtookabout10minutesto produce,andthemoonabout45
minutes. In all threecases,the “artist” wasa CSgraduatestudent
without any experiencein art or illustration. Indeed,muchof our
enthusiasmfor this techniquestemsfrom the easewith which we
obtainedour resultswithoutpossessingparticularartisticskill.

We think this approachto photographicillustrationis promising
andsuggestsmany directionsfor future work. While we suspect
thatartistswill alwaysplaysomerole in theillustrationprocess,we
believe thatpartsof this processcanbeautomated.Burt andKol-
czynski [1993] have developedimagefusion operatorsthat com-
binedifferentimages(for example,differentexposures)to form a
composite.Theirmethodscouldbeappliedto theproblemof com-
bining imagesunderdifferentilluminations.Wecouldalsoprovide
higher-level interactiontools (e.g. a contrastbrush)to make the
artist's job easier.

Finally, it is becomingeasyto collect a set of imagesusing a
“smart” camera.Cancamerasbeprogrammedto alwayscollecta
useful setof images?What is that useful set? And, cangeneral
interactive toolsbebuilt for processingthoseimagesets?
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