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Abstract
Medieval stainedglasswindowsarea stylizedartformthathasnotpreviouslybeenthoroughlytreatedin thecom-
putergraphicsliterature. In thispaper, wepresentanautomatedmethodfor transforminganarbitrary image into
a stained-glassversionof that image. Thekey issuesin designinga stainedglasswindoware thetile boundaries
and tile colors. We useerosionand dilation operators to manipulateand smoothan initial region segmentation
tiling; wechoosetile colors fromthepaletteof heraldic tinctures;and�nally , werendera displacement-mapped
planeto obtainour �nal image.

1. Intr oduction

Practitionersof computergraphicshavelongbeeninterested
in alternatives to photorealism.Nonphotorealisticstyles
suchasoil painting 12, pen-and-inkillustration 19, copper-
plateengraving 17, andmany othershave beenautomated.
In recentyears,therehasbeenconsiderableattentionput to
mosaics9; 10; 7; yet comparatively little attentionhasgoneto
thehistoricalsuccessorto themosaic,thestainedglasswin-
dow.

The earliestknown stainedglasswindows datefrom the
seventhcentury16 andwhile thecraft hadits heyday in the
fourteenthcentury1; 16 stainedglasswindowscontinueto be
built today. Althoughglassmakingtechnologyhaschangeda
greatdealsincethemiddleages,theproceduresfor design-
ing windows have changedlittle; Osborne16 remarksthat
the instructionsof Theophilus,written in the eleventhcen-
tury, wouldseemreasonableto amodernartist.Onenotable
differencelies in the characteristicsof the glass:although
modernmethodshavegreatlyextendedtherangeof dyesfor
stainingglass,thepaletteof colorsavailableto themedieval
worker wasquite limited 1; 16; 8. Further, even whenthe de-
siredcolor might in principlebeavailable,variationsin raw
materialsandmanufacturingprocessescould alter the �nal
color.

Theprocessfor building a stainedglasswindow involves
�rst designinga composition,or cartoon, indicatingthear-
rangementof tiles.Thecartoonedshapesarecut out of col-
oredglass,assembled,and�x edin placewith leadsolder, or
leading. Craftsmenpreferredto minimizetheheavy opaque
lines of the leading,and this meantavoiding using many
small pieces.However, medieval glassmakingtechnology

did not permit the manufactureof large �at pieces,andso
thepracticalsizeof tileswaslimited.

Economicfactorsalsoaffectedwindow design.Medieval
glasswasextremelycostly, andif in assemblinga window
a tile shouldbreak,theglasscouldnot bereplaced.Rather,
thebrokenpieceswerecut again andleadedinto place,po-
tentiallydisruptingtheinitial design.Designerswouldavoid
calling for shapeslikely to break.

In the following, we proposean image�lter for stained
glasswindows. We give algorithmsfor constructinga car-
toon from an initial segmentation,andwe suggesta palette
akinto thelimitedpaletteavailablein medieval times.Lastly,
weshow examplesof theapplicationof ourmethodto some
testimages.

2. PreviousWork

Many extant techniquesmodel other nonphotorealistic
modes,but stainedglasswindows have beenlittle treated.
Nonphotorealistictechniquesfrequentlyutilize specialized
methodsnotapplicableto otherartisticstyles;in thefollow-
ing, we con�ne our discussionto describingthe pastwork
with mostdirectbearingonours.

A techniquebasedon Voronoi regions 15 hasbeenused
in PhotoShop14. The simplicity of this methodmakes it
attractive, but becausethe Voronoi regionsareplacedwith
no regard for imagecontent,the tiling haslittle to do with
theunderlyingimage.Also, theVoronoitiles themselvesare
not fully appropriate,sincestainedglasswindowsinvariably
containsomenonconvex tiles. In the PhotoShop�lter , the
original imagebegins to reemerge asthe tile sizebecomes
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small,but in this casethe�ltered imageresemblesa mosaic
muchmorethanit doesastainedglasswindow.

Thework on mosaics9; 10; 7 resemblesoursmostclosely.
However, stainedglasswindows differ from mosaicsin cru-
cialways.Mosaictile shapesareprede�ned,andmosaictiles
areverysmallrelativeto theoverallpicture.Neitherof these
two conditionsholds for stainedglass windows. Stained
glasswindows have two concerns:to align tile edgeswith
imageedges,and to form tiles which may be straightfor-
wardly cut from glass.The �rst of theseconcernsis shared
by themosaicists,but thesecondis not.

Elber and Wolberg 7 place mosaic tiles along feature
curvesandtheiroffsetcurves;theseauthors'concernsabout
theself-intersectionof offsetcurveswe experienceasa de-
sireto subdividenarrow tiles.While they traceoffsetcurves
with tiles, we placenew leadinglinesacrossnarrow bottle-
necks,employing similarmathematicalmethodsbut achiev-
ing distinctlydifferentresults.

Theimagesimpli�cation techniquepresentedby DeCarlo
andSantella6 is alsorelatedto our methods.Theseauthors
shareour concernsof seekingto emphasizeregion bound-
arieswith linesandto segmenttheoriginal imageinto large
homogeneousregions.However, their goal is to producea
new modalityandthey do not attemptto conformto there-
quirementsimposedby stainedglasstiling: in particular, that
regionsbe approximatelyconvex, and that heavy lines de-
notethebordersof eachregion.Theserequirementsheavily
inform ouralgorithms.

We rely on existing operatorsof mathematicalmorphol-
ogy, which we adaptslightly to this context. Our work is
alsoinformedby scholarshipon stainedglasswindows, es-
peciallythatof Armitage1 andOsborne16.

3. Algorithms

In constructingthe stainedglasswindow, we processthe
initial image through several stages.First, we obtain an
initial segmentationof the image.Next, we massagethis
segmentationto obtain an appropriatetiling: one having
smoothboundariesand approximatelyconvex pieces,and
lacking excessively large or excessively small pieces.We
next choosea color for eachtile. Finally, we apply a dis-
placementmapto a plane,representingthe leadingandir-
regularitiesin theglass,andrendertheresult.

Theinitial segmentationis givenby theimageprocessing
systemEDISON4; 5; 11. Otherautomatedtechniquescouldbe
usedinstead;anotheralternative would involve a humanas-
sistingthesegmentationwith a tool suchasintelligentscis-
sors13. In this section,we describethe algorithmsusedto
transformthisinitial segmentationinto the�nal stainedglass
image.

3.1. Mathematical Mor phology

We employ the erosionanddilation operatorsfrom mathe-
maticalmorphology18; 2 to performregion smoothing.Both
alter an initial imageby useof a structuringelement, itself
a two-dimensionalimage.For a binaryimageI , anda struc-
turing elementS with radiusr, the imageM modi�ed by
erosionhaspixelsgivenby

Mi; j = 0 if 9u;v 2 f� r; rg st (Su;v = 1 &Ii+ u; j+ v = 0)(1)

= 1 otherwise. (2)

Dilation is de�ned similarly:

Mi; j = 1 if 9u;v 2 f� r; rg st (Su;v = 1&Ii+ u; j+ v = 1)(3)

= 0 otherwise. (4)

Informally, the erosion operator involves running an
eraseraroundthe rim of the initial region, andthe dilation
operatorinvolvesrunningabrusharoundtherim. Theshape
of theeraseror brushis givenby thestructuringelement.

We amendtheerosionoperatorto permiterosionof mul-
tiple regionssimultaneously. We usethe specialcodeE to
markerodedareas:

Mi; j = E if 9u;v 2 f� r; rg st (5)

(Su;v = 1&Ii+ u; j+ v 6= Ii; j ) (6)

= Ii; j otherwise: (7)

Dilation operatessimilarly, but simultaneousdilation of
multiple regionsdemandsa distancemetric, to be encoded
in the structuringelement:the pixels Mi; j take the valueof
the nearestnon-erodedregion. The notion of simultaneous
dilation is critical to our lateralgorithms.

Owing to the useof a distancemetric, simultaneousdi-
lation hascloselinks to Voronoi regions.Formally, the re-
gionsgeneratedby our simultaneousdilation areequivalent
to regions generatedby computingthe Voronoi regions of
all non-erodedpixels,andtaking the unionsof all of those
Voronoi regionswhich originatedfrom thesameconnected
componentof theimage.

3.2. Cartoon

The cartoonis the designdrawing for the window compo-
sition. We abuseterminologyslightly anduse“cartoon” to
referto theplannedarrangementof tiles.

Our algorithmsprocessthe initial segmentationto pro-
ducea relatedtiling whosetiles have the desiredcharac-
teristics,usingour previously de�ned erosionanddilation
operators.

We have a numberof criteria for our tiles: they should
havepiecewisesmoothedges;they shouldbeapproximately
convex; andthey shouldbeneitherexcessively largenorex-
cessively small.In thefollowing,weshow how eachof these
criteriais met.
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Figure 1: Region smoothing. Original region boundaries,
left; the eroded region boundaries,middle; and the com-
pletelyopenedregions,right.

3.2.1. RegionSmoothing

Wemeetthe�rst criterionby simultaneouslyopeningall re-
gions(erosionfollowedby dilation).Theerosionstepmarks
all pixels which are too nearany boundarypixel; this cre-
ateswide boundarieswith smoothedges.The dilation step
reclaims the erodedterritory, classifying eachpreviously
erodedpixel with thenearestregion. In our reportedresults,
our structuringelementencodesa Euclideandistancemet-
ric; alternativessuchasManhattandistancearealsopossi-
ble. We prefer the Euclideandistancebecauseit produces
smoothedges,but if piecewise linearedgesareinsteadpre-
ferred,theManhattandistanceshouldbeused.Fig. 1 shows
theprogressionof theimageregions:�rst theinitial regions,
thentheerodedregions,and�nally theregionsafterthefull
openingoperationhasoccurred.

3.2.2. Islands

A rare type of undesirableregion is the “island”, a region
whichdoesnottouchtheimageboundaryandwhichsharesa
borderwith exactlyoneotherregion.Thesurroundingregion
we call the “lake”. We do not want to eliminatethe island
entirely, becauseit cancontainimportantsemanticinforma-
tion – it may representaneye, or a window – but medieval
glassmakersneverattemptedto constructlake-typetiles.See
Fig. 2 for anexampleof a lake-islandpair.

We eliminateislandsand lakesby subdividing the lake.
We choosea randomdirection; the extremal points of the
island(maximumandminimum) alongthis directionform
theseedsof two new regions.Wesimultaneouslydilateboth
seedsinto the lake, replacingit with two new regions.This
processremovestheundesirablecasewhile preservingpre-
viouslyexistingboundaries.

3.2.3. Bottlenecks

Having performedtheinitial regionopeningandcheckedfor
islands,we areleft with tiles having smoothboundariesbut
potentiallyundesirableshapes.Weseekto eliminateregions
consistingof two subregions linked by a narrower bottle-
neck;anexampleof sucha region is sketchedin Fig. 2. Not
only aresuchregionsaestheticallysuspect,they aretechni-
cally awkward: the bottleneckis a weakpoint and the tile

Figure 2: Undesirable region shapes.Left, an islandanda
lake, anda possiblelakesubdivision;right, a bottleneck and
erodedversionsthereof.

is apt to break.eitherasit is beingcut out or asit is being
put into place.Regionsfreeof suchbottleneckswe refer to
as“approximatelyconvex”; we demandthatall our tiles be
approximatelyconvex.

Ourmethodfor detectingandsubdividing suchshapesop-
eratesasfollows. We testa region by progressively eroding
its boundariesandcheckingwhetherthe erodedregion has
multiple connectedcomponents18. If at somestageof ero-
sionmultiple componentsappear, we label thecomponents
separatelyand simultaneouslydilate them back into the
erodedterritory. This processautomatically�nds a smooth
new boundarysituatedwithin thebottleneck.

3.2.4. RegionSizes

Lastly, wewantto controltheminimumandmaximumsizes
for tiles. The window designerwill try to avoid including
verysmalltilesin thedesign,becausesuchtileswill bedom-
inatedby thesurroundingleading.Note,however, thatsmall
tiles may appearin the �nal window, owing to accidental
breakageof larger tiles asthe window is beingassembled.
Very largetilesareto beavoidedaswell, for thesimplerea-
son that medieval manufacturingprocessescould not pro-
ducelarge �at piecesof glass.We eliminatesmall regions
very straightforwardly – markingthemaserodedanddilat-
ing theirneighboursinto theerodedarea.Thesubdivisionof
largeregionsrequiresmoreelaboratemethods.

If a region's sizeexceedsthemaximumallowed,we pro-
ceedasfollows. First, we performprogressive erosionand
connectedcomponentcountingto determinewhetheragood
subdivision location exists; if so, we usethis subdivision.
If not, we choosea randomdirectionandmark theregion's
extremalpointsin this directionastheseedsof two new re-
gions;we dilate thesepoints into the large region, andthe
classi�cation thus obtainedforms our subdivision. If any
newly formedsubregionsaretoo large,we recursively sub-
dividethem.Finally, weperformtheentirebatteryof region-
tidying processeson thesetof regionsarisingfrom theorig-
inal large regions; althoughdoing so is largely redundant,
it can producesomeimprovementin the �nal set of tiles,
ensuringthatno malformedtiles wereproducedin thesub-
divisionprocess.
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We de�ne region sizesby pixel count.In this paper, we
haveusedaminimumregionsizeof 500pixels,andamaxi-
mumregionsizeof 10,000.Notethatin practicefew regions
neartheminimumsizeappear, sincesmall regionsaresus-
ceptibleto destructionby theboundarysmoothingprocess.

3.2.5. SupervisedBackgrounds

Our methodis intendedto work on any image,with no se-
manticinformationprovided,andconsequentlywe have no
meansof distinguishingwhichelementsof theimageareim-
portantandwhich arenot.Realmedieval stainedglasswin-
dows, however, often distinguishbetweenforegroundand
backgroundelementsandtile themdifferently.

We thereforealso provide a “supervised”mode,where
theusermaymarkregionsasforegroundor background;the
backgroundregionsarethentiled with geometricshapes,or
fragmentsthereof,enhancingcontrastwith the foreground.
Of course,the systemmay run instead in unsupervised
mode,wherenodifferentiationamongregionsis made.

We have implementedtwo simple stylesof background
tiling: a regulardiamondpatternandanirregularcheckered
pattern.The latter we refer to as ladders. Later, we show
cartoonswith supervisedbackgroundstiled bothways.

3.2.6. Cartoon Summary

In sum,we perform the following sequenceof operations
to obtain our cartoon.We begin with an initial segmenta-
tion providedby EDISON4; 5; 11. Wesmooththesesegments
with anopeningoperation.Next, we subdivide all lakesand
bottlenecks.We next modify all regionswith inappropriate
sizes,eliminatingthosewhicharetoosmallandsubdividing
thosewhich aretoo large.Finally, we redoour openingand
bottleneckremoval operationsto ensurethatall newly con-
structedregionsarefree of defects.With the cartooncom-
plete,wearereadyto proceedto coloringandrendering.

3.3. ColoredGlass

Our chief remainingtaskis to color thetiles. As previously
mentioned,the colorsof glassavailable in medieval times
wererestricted,andasourgoalis to mimic medieval stained
glass,we will employ a limited paletteourselves.Thebold
colorsof medieval stainedglassfavor stylizationover repre-
sentation.In turn,weseekastylizedpaletteevocativeof the
medieval palette.

Armitage1 makesaconnectionbetweenstainedglassand
heraldry, two art formswith similar aimsof clarity andstyl-
ization. Also, Osborne's list of medieval colors 16 corre-
spondscloselyto thesetof heraldictinctures.We therefore
proposeadoptingthe heraldicpalettefor our stainedglass
windows. It is broadenoughto cover thehistoricallyavail-
ablecolors,while beinganauthenticmedieval colorset.

Theheraldictincturesareasetof sevencolors1; 3, or more

Tincture color coloringagent

Or Yellow (gold) ferric oxide,uranium

Argent White (silver) none(clearglass),tin oxide(opaque)

Gules Red copper, silenium,gold

Azure Blue cobalt

Vert Green copper, chromium

Purpure Purple nickel (in potashleadglass)

Sable Black N/A

Table1: Theheraldic tinctures.

properly� ve colorsandtwo metals.(We disregardthefurs,
which arepatternsplacedover the colors.)The metalsare
or, gold, or yellow; andargent, silver, or white. Thecolors
aregules, red;azure, blue;vert, green;purpure, purple;and
sable, black.Table3.3 lists the tinctures,thecorresponding
colors,andindicatesthehistoricalcoloringagent.We have
chosenRGB triples representingeachheraldiccolor. Then,
for agiventile, wedetermineits averagecolor in theoriginal
imageandthedistanceof thiscolorfromeachheraldiccolor;
thetile is coloredwith thenearestheraldiccolor.

We make two modi�cationsto this basicalgorithm.First,
weshift thetile colorslightly in arandomdirection,to repre-
sentvariationin theglassmaking.Second,sinceblackis not
a desirablecolor in stainedglass,we mapsableto anRGB
triple closeto white.

The above color-choosingalgorithm is used for fore-
groundtiles. If theuserhasindicateda background,we use
the heraldiccolor leastprevalent in the foregroundfor the
backgroundtiles.

3.4. Rendering

Given the �nal cartoon,we computea displacementmap
which consistsof large displacementsneartile boundaries,
representingthe leading,and a small-valuedirregular dis-
placementmapover the rest,representingimperfectionsin
the glasssurface.The leadingis given a metallic color and
the glasstiles their previously chosenheraldic color; the
whole is thenrenderedwith a singlecloselight, andthere-
sult is our �nal stainedglassimage.

4. Results

Hereweshow acollectionof imagesgeneratedby ourmeth-
ods.We alsoshow the stagesthe imagesgo throughin the
courseof processing.
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Figure3: Theoriginal Gretzky image, left; thesegmentation,
centre; andtheregionboundaries,right.

Figure 4: The original image, then openingswith erosion
masksof radius4, 6, 8, 10,12.

Fig. 3 containsthe original Gretzky imageand the ini-
tial segmentation.Thesegmentationis erodedby a circular
structuringelement.Resultsarising from differentsizesof
structuringelementareshown in Fig. 4; thelargerelements
performmoresmoothing,but removemoredetail,andsome
balancebetweenthesemustbe sought.We suggesta mask
size of 17� 17, althoughthe usermay choosea different
size,or evenmodulatethemaskacrosstheentireimage.

Oncethe initial regionshave beensmoothed,we process
thetiles to removeundesirableshapesandsizesof tiles.The
�nal tilings, underboth supervisedand unsupervisedcon-
ditions, areshown in Fig. 5. Next, having completelypro-
cessedthe tiles, we createa planarsurface– the window –
andapplyadisplacementmaprepresentingimperfectionsin
theglass.Leadingisappliedbetweentile boundaries,andthe
resultingobjectis rendered.Final resultsappearin Fig. 6.

Someimagepairs are shown in Fig. 7, both supervised
andunsupervised.The aquariumimageshows resultsfrom
separatelymarkingtwo backgrounds.

Thesuccessof ourmethoddependscruciallyontheinitial
segmentation;imageswhicharedif�cult to segment,suchas
themandrill,produceincoherentstainedglassimages.Also,
shadinginformationis lost,sothattheshapesof objectssuch
as the peppersbecomedif�cult to discern.It is when the

Figure5: Final tilings with differentbackgroundconditions:
left, unsupervised;middle, supervisedwith ladders; right,
supervisedwith diamonds.

Figure6: StainedglasswindowsfromtheGretzky image.

�gures in theimagecanbeadequatelycharacterizedby their
silhouettesthatour techniqueis mostsuccessful.

5. Conclusions

We have presentedanautomatedmethodfor transforminga
given imageinto a stainedglassversionof the image.We
have setout certainrulesto which our tiles mustconform,
andgiven algorithmswhich producea tiling satisfyingthe
conditions;andwehaveproposedasetof colors,theheraldic
tinctures,whichbothevokethecharacterof medieval stained
glassandwhich approximatethepaletteof colorsavailable
to themedieval glassworker.

Thewindowsproducedby ourmethodareunpaintedwin-
dows – that is, thecoloredglassseparatedby leading– and
we rely on theshapesof thetiles to convey thesenseof the
image.Thus,not every original imageis suitablefor repro-
ductionin stainedglass;while we cantransformany input
image,imageswith alot of high-frequency detailmaybedif-
�cult to recognize.To a greatextentthis canbeameliorated
by supervision,in thecasethata distinct foreground�gure
shouldbeemphasized.Nonetheless,simplyby thenatureof
themedium,imagescannotalwaysbefaithfully reproduced.

Reproductionisnotouraim,however. Stainedglassinher-
ently demandsstylizationof its subjects,andnot all images
presentclear �gures to be stylized.Whensuch�gures are
available,theresultsarestriking.

5.1. Futur eWork

We have presentedanalgorithmfor theunadornedwindow,
but real stainedglasswindows wereoftenpainted.Further,
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Figure7: Stainedglassimagepairs.

complexity wassometimesaddedto the tiles throughetch-
ing andnonuniformstainingof tiles, a practicewhich �rst
becamepopularin the14thcentury1. Someattentioncould
beput to theseaspectsof thewindow.

A morecomplex modelingof the glasscould be under-
taken. In practice,the window designerchosethe desired
pieceof glassfrom hiscollection,oftenpreferringparticular
piecesfor their texture.We have givenonly a cursorytreat-
ment to the nonuniformpropertiesof the glass,and much
morework couldbedonein thisarea.

Finally, wehavecastourproblemin termsof animage�l-
ter, mappingaplaneimageto a window. An opportunityfor
futurework liesin building a3D rendererwith stained-glass-
styleoutput;with ageometricapproach,wecanin principle
producecoherentanimationsratherthansingleimages.
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Figure8: Stainedglassimagepairs. In thelandscapeimageonly, wemappedsableto green.

Figure9: TheGretzky imagewith supervisedbackgrounds.
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