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A Stained Glassimage Filter

David Mould

Abstract

Medieval stainedglasswindowsare a stylizedartform that hasnot previouslybeenthoroughlytreatedin thecom-
putergraphicsliterature. In this paper we presentan automatednethodor transformingan arbitrary image into

a stained-glaswyersion of thatimage. Thekey issuesn designinga stainedglasswindoware thetile boundaries
andtile colors. We useerosionand dilation opertors to manipulateand smoothan initial region sggmentation
tiling; we choosetile colors fromthe paletteof heraldic tinctures; and nally, werendera displacement-mapped

planeto obtainour nal image.

1. Intr oduction

Practitioner®f computergraphicshave long beeninterested
in alternatves to photorealism.Nonphotorealisticstyles
suchasoil painting12, pen-and-inkillustration 19, copper

plate engraing 17, and mary othershave beenautomated.

In recentyears therehasbeenconsiderablattentionput to
mosaics* 10 7; yet comparatiely little attentionhasgoneto
the historicalsuccessoto the mosaic the stainedglasswin-
dow.

The earliestknown stainedglasswindows datefrom the
seventhcentury6 andwhile the craft hadits heydayin the
fourteenthcentury? 16 stainedglasswindows continueto be
built today Althoughglassmakingechnologyhaschanged
greatdealsincethe middle agesthe proceduredor design-
ing windows have changedittle; Osbornel¢ remarksthat
the instructionsof Theophilus,written in the eleventh cen-
tury, would seemreasonabléo a modernartist. Onenotable
differencelies in the characteristicof the glass:although
modernmethodshave greatlyextendedherangeof dyesfor
stainingglass the paletteof colorsavailableto the medieval
worker was quite limited 116 8, Further even whenthe de-
siredcolor mightin principle be available,variationsin raw
materialsand manufcturingprocessesould alter the nal
color.

The procesdor building a stainedglasswindow involves
rst designinga composition,or cartoon indicatingthe ar
rangemenbf tiles. The cartoonedshapesrecut out of col-
oredglassassembledand x edin placewith leadsolder or
leading Craftsmerpreferredto minimizethe heary opaque
lines of the leading, and this meantavoiding using mary
small pieces.However, medieval glassmakingtechnology
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did not permitthe manugctureof large at pieces,andso
thepracticalsizeof tiles waslimited.

Economicfactorsalsoaffectedwindow design.Medieval
glasswasextremely costly andif in assemblinga window
atile shouldbreak,the glasscould not be replaced Rather
the broken pieceswere cut again andleadedinto place,po-
tentially disruptingtheinitial design.Designersvould avoid
calling for shapesikely to break.

In the following, we proposean image Iter for stained
glasswindows. We give algorithmsfor constructinga car
toonfrom aninitial sggmentationandwe suggest palette
akintothelimited paletteavailablein medieval times.Lastly,
we shav examplesof theapplicationof our methodto some
testimages.

2. Previous Work

Marny extant techniquesmodel other nonphotorealistic
modes,but stainedglasswindows have beenlittle treated.
Nonphotorealistidechniquedrequently utilize specialized
methodsot applicableto otherartisticstyles;in thefollow-
ing, we con ne our discussiornto describingthe pastwork
with mostdirectbearingon ours.

A techniquebasedon Voronoi regions 1> hasbeenused
in PhotoShopt4. The simplicity of this method malkes it
attractive, but becausehe Voronoi regions are placedwith
no regard for imagecontent,thetiling haslittle to do with
theunderlyingimage.Also, the Voronoitilesthemselesare
notfully appropriatesincestainedylasswindows invariably
containsomenoncorvex tiles. In the PhotoShoplter, the
original imagebegins to reemege asthe tile sizebecomes
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small,but in this casethe Iltered imageresembles mosaic
muchmorethanit doesa stainedglasswindow.

Thework on mosaics® 107 resemble®ursmostclosely
However, stainedglasswindows differ from mosaicsn cru-
cialways.Mosaictile shapesireprede ned,andmosaidiles
arevery smallrelative to theoverall picture.Neitherof these
two conditions holds for stainedglasswindows. Stained
glasswindows have two concernsto align tile edgeswith
image edges,and to form tiles which may be straightfor
wardly cut from glass.The rst of theseconcernds shared
by the mosaicistshut the seconds not.

Elber and Wolberg 7 place mosaictiles along feature
cunesandtheir offsetcurves;theseauthors'concernsabout
the self-intersectiorof offset curveswe experienceasa de-
sireto subdvide narraw tiles. While they traceoffsetcurves
with tiles, we placenew leadinglines acrossnarrav bottle-
necks emplging similar mathematicamethodsbut achiev-
ing distinctly differentresults.

Theimagesimpli cation techniquepresentedby DeCarlo
andSantellaf is alsorelatedto our methodsTheseauthors
shareour concernsof seekingto emphasizeegion bound-
arieswith linesandto seggmentthe originalimageinto large
homogeneousegions. However, their goal is to producea
new modalityandthey do not attemptto conformto there-
quirementsmposedy stainedglasstiling: in particular that
regions be approximatelyconvex, andthat heavy lines de-
notethebordersof eachregion. Theserequirementsieavily
inform our algorithms.

We rely on existing operatorsof mathematicamorphol-
ogy, which we adaptslightly to this context. Our work is
alsoinformedby scholarshipn stainedglasswindows, es-
peciallythatof Armitage! andOsbornets.

3. Algorithms

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

Theinitial sggmentatioris givenby theimageprocessing
systemEDISON#4 511, Otherautomatedechniquegouldbe
usedinstead;anotheralternatve would involve a humanas-
sistingthe sggmentatiorwith atool suchasintelligentscis-
sors13. In this section,we describethe algorithmsusedto
transfornthisinitial ssgmentatiorinto the nal stainedylass
image.

3.1. Mathematical Mor phology

We employ the erosionanddilation operator§rom mathe-
maticalmorphology® 2 to performregion smoothing Both
alteraninitial imageby useof a structuringelementitself
atwo-dimensionalmage.For abinaryimagel, anda struc-
turing elementS with radiusr, the imageM modi ed by
erosionhaspixelsgivenby

M| 0if Quiv2 f rrgst(Suyv=1&lj, .y = 0X1)
1 otherwise. (2)

Dilation is de ned similarly:
Mi;j = 1if9u;v2f rrgst(Syy= 1&Ii+u;j+\,= 1)(3)
0 otherwise. 4)

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

We amendthe erosionoperatorto permiterosionof mul-
tiple regions simultaneouslyWe usethe specialcodeE to
markerodedareas:

Mi;j = Eif9u;v2f rrgst (5)
(SJ;V= :I'&|i+u;j+v6 ||,]) (6)
= . otherwise ©)

Dilation operatessimilarly, but simultaneoudilation of
multiple regionsdemandsa distancemetric, to be encoded
in the structuringelement:the pixels M;.; take the value of
the nearesinon-erodedegion. The notion of simultaneous
dilationis critical to our lateralgorithms.

Owing to the useof a distancemetric, simultaneousi-
lation hascloselinks to Voronoi regions. Formally, the re-
gionsgeneratedby our simultaneouslilation areequivalent
to regions generatedby computingthe Voronoi regions of
all non-erodedpixels, andtaking the unionsof all of those
Voronoiregionswhich originatedfrom the sameconnected
componenbf theimage.

3.2. Cartoon

The cartoonis the designdrawing for the window compo-
sition. We aluseterminologyslightly and use“cartoon” to
referto the plannedarrangemendf tiles.

Our algorithmsprocessthe initial segmentationto pro-
duce a relatedtiling whosetiles have the desiredcharac-
teristics,using our previously de ned erosionand dilation
operators.

We have a numberof criteria for our tiles: they should
have piecevise smoothedgesthey shouldbeapproximately
corvex; andthey shouldbe neitherexcessiely large nor ex-
cessvely small.In thefollowing, we shav 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-
pletelyopenedegions,right.

3.2.1. RegionSmoothing

We meetthe rst criterionby simultaneouslypeningall re-
gions(erosionfollowedby dilation). The erosionstepmarks
all pixels which aretoo nearary boundarypixel; this cre-
ateswide boundariesvith smoothedges.The dilation step
reclaimsthe erodedterritory, classifying each previously
erodedpixel with thenearestegion. In our reportedresults,
our structuringelementencodesa Euclideandistancemet-
ric; alternatves suchas Manhattandistanceare also possi-
ble. We preferthe Euclideandistancebecauset produces
smoothedgeshut if pieceviselinearedgesareinsteadpre-
ferred,the Manhattardistanceshouldbe used Fig. 1 shavs
theprogressiorof theimageregions: rst theinitial regions,
thenthe erodedregions,and nally theregionsafterthefull
openingoperationhasoccurred.

3.2.2. Islands

A raretype of undesirableregion is the “island”, a region

whichdoesnottouchtheimageboundaryandwhichshares
borderwith exactly oneotherregion. Thesurroundingegion

we call the “lake”. We do not want to eliminatethe island
entirely, becausét cancontainimportantsemantianforma-
tion — it may represenain eye, or awindow — but medieval

glassmakrsneverattemptedo constructake-typetiles. See
Fig. 2 for anexampleof alake-islandpair.

We eliminateislandsand lakes by subdviding the lake.
We choosea randomdirection; the extremal points of the
island (maximumand minimum) along this directionform
the seedf two new regions.We simultaneouslylilateboth
seeddnto the lake, replacingit with two new regions.This
processemovesthe undesirablecasewhile preservingore-
viously existing boundaries.

3.2.3. Bottlenecks

Having performedheinitial region openingandchecledfor
islands,we areleft with tiles having smoothboundariedut
potentiallyundesirableshapesWe seekto eliminateregions
consistingof two subrgions linked by a narraver bottle-
neck;anexampleof sucharegionis sketchedn Fig. 2. Not
only aresuchregionsaestheticallysuspectthey aretechni-
cally awkward: the bottleneckis a weak point and the tile

¢ TheEurographic#ssociation2003.

1@
| ®

Figure 2: Undesiableregion shapesLeft, anislandand a
lake, anda possibldake subdivisionyright, a bottlene& and
erodedversionsthereof

is aptto break.eitherasit is beingcut out or asit is being
putinto place.Regionsfree of suchbottlenecksve referto
as“approximatelycorvex”; we demandhatall our tiles be
approximatelycorvex.

Ourmethodfor detectingandsubdviding suchshapesp-
eratesasfollows. We testa region by progressiely eroding
its boundariesand checkingwhetherthe erodedregion has
multiple connecteccomponentgs. If at somestageof ero-
sion multiple componentappearwe label the components
separatelyand simultaneouslydilate them back into the
erodedterritory. This processautomatically nds a smooth
new boundarysituatedwithin the bottleneck.

3.2.4. RegionSizes

Lastly, we wantto controltheminimumandmaximumsizes
for tiles. The window designemwill try to avoid including
verysmalltilesin thedesignbecaussuchtileswill bedom-
inatedby thesurroundindeading.Note,however, thatsmall
tiles may appearin the nal window, owing to accidental
breakageof larger tiles asthe window is beingassembled.
Very largetiles areto be avoidedaswell, for the simplerea-
son that mediezal manufcturing processegould not pro-
ducelarge at piecesof glass.We eliminatesmall regions
very straightforvardly — markingthemaserodedanddilat-
ing their neighboursnto theerodedarea.The subdvision of
largeregionsrequiresmoreelaboratamethods.

If aregion's sizeexceedghe maximumallowed, we pro-
ceedasfollows. First, we performprogressie erosionand
connected¢omponentountingto determinevhetheragood
subdvision location exists; if so, we usethis subdvision.
If not, we choosea randomdirectionandmarkthe region's
extremalpointsin this directionasthe seedf two new re-
gions; we dilate thesepointsinto the large region, andthe
classi cation thus obtainedforms our subdvision. If ary
newly formedsubrgionsaretoo large, we recursvely sub-
dividethem.Finally, we performtheentirebatteryof region-
tidying processesnthe setof regionsarisingfrom the orig-
inal large regions; althoughdoing so is largely redundant,
it can producesomeimprovementin the nal setof tiles,
ensuringthatno malformedtiles wereproducedn the sub-
division process.
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We de ne region sizeshy pixel count.In this paper we
have useda minimumregion sizeof 500 pixels,anda maxi-
mumregionsizeof 10,000.Notethatin practicefew regions
nearthe minimum sizeappearsincesmall regionsaresus-
ceptibleto destructiorby the boundarysmoothingprocess.

3.2.5. SupewisedBackgrounds

Our methodis intendedto work on ary image,with no se-
manticinformationprovided, andconsequentlyve have no
meanf distinguishingvhich elementof theimageareim-
portantandwhich arenot. Realmedieval stainedglasswin-
dows, however, often distinguishbetweenforeground and
backgrouncelementsandtile themdifferently

We thereforealso provide a “supervised”"mode, where
theusermaymarkregionsasforegroundor backgroundthe
backgroundegionsarethentiled with geometricshapesor
fragmentsthereof,enhancingcontrastwith the foreground.
Of course,the systemmay run insteadin unsupervised
mode,whereno differentiationamongregionsis made.

We have implementedwo simple stylesof background
tiling: aregulardiamondpatternandanirregular checlered
pattern.The latter we refer to as ladders. Later, we shaw
cartoonswith supervisedackgroundsiled bothways.

3.2.6. Cartoon Summary

In sum, we perform the following sequencef operations
to obtain our cartoon.We begin with an initial segmenta-
tion providedby EDISON 4 5 11, We smooththesesggments
with anopeningoperationNext, we subdvide all lakesand
bottlenecksWe next modify all regionswith inappropriate
sizes eliminatingthosewhich aretoo smallandsubdviding

thosewhich aretoo large. Finally, we redoour openingand
bottleneckremoval operationgo ensurethatall nevly con-

structedregions are free of defects.With the cartooncom-

plete,we arereadyto proceedo coloringandrendering.

3.3. Colored Glass

Our chiefremainingtaskis to color thetiles. As previously
mentioned the colors of glassavailablein medieval times
wererestrictedandasour goalis to mimic medieval stained
glass,we will employ alimited paletteoursehes. The bold
colorsof medieval stainedglassfavor stylizationover repre-
sentationln turn, we seeka stylizedpaletteevocative of the
medieval palette.

Armitage! makesaconnectiorbetweerstainedylassand
heraldry two artformswith similar aimsof clarity andstyl-
ization. Also, Osbornes list of medieval colors 16 corre-
spondscloselyto the setof heraldictinctures.We therefore
proposeadoptingthe heraldicpalettefor our stainedglass
windows. It is broadenoughto cover the historically avail-
ablecolors,while beinganauthentionedieval colorset.

Theheraldictincturesarea setof sevencolors®: 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 potashieadglass)
Sable Black N/A

Table 1: Theheraldic tinctures.

properly ve colorsandtwo metals.(We disregardthefurs,
which are patternsplacedover the colors.) The metalsare
or, gold, or yellow; andargent, silver, or white. The colors
aregules red;azue, blue;vert, green;purpure, purple;and
sable black. Table 3.3 lists the tinctures,the corresponding
colors,andindicatesthe historicalcoloring agent.We have
chosenRGB triples representingeachheraldiccolor. Then,
for agiventile, we determindts averagecolorin theoriginal
imageandthedistanceof thiscolorfrom eachheraldiccolor;
thetile is coloredwith thenearesheraldiccolor.

We make two modi cationsto this basicalgorithm.First,
we shiftthetile colorslightly in arandomdirection,to repre-
sentvariationin theglassmakingSecondsinceblackis not
a desirablecolor in stainedglass,we mapsableto anRGB
triple closeto white.

The abore color-choosingalgorithm is used for fore-
groundtiles. If theuserhasindicateda backgroundye use
the heraldiccolor leastprevalentin the foregroundfor the
backgroundiles.

3.4. Rendering

Given the nal cartoon,we computea displacemenimap
which consistsof large displacementseartile boundaries,
representinghe leading,and a small-\aluedirregular dis-
placemenmap over the rest, representingmperfectionsin
the glasssurface.The leadingis given a metallic color and
the glasstiles their previously chosenheraldic color; the
wholeis thenrenderedwith a singlecloselight, andthere-
sultis our nal stainedglassimage.

4. Results

Herewe shaw acollectionof imagesgeneratedby our meth-
ods.We alsoshawv the stageghe imagesgo throughin the
courseof processing.
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Figure3: Theoriginal Gretzk image, left; theseggmentation,
cente; andtheregion boundariesright.

o
%

N

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

Fig. 3 containsthe original Gretzky image and the ini-
tial sggmentation.The sggmentationis erodedby a circular
structuringelement.Resultsarising from different sizesof
structuringelementareshavn in Fig. 4; thelargerelements
performmoresmoothing put remove moredetail,andsome
balancebetweenthesemustbe sought.We suggesta mask
sizeof 17 17, althoughthe usermay choosea different
size,or evenmodulatethe maskacrosghe entireimage.

Oncetheinitial regionshave beensmoothedwe process

thetilesto remove undesirableshapesndsizesof tiles. The
nal tilings, underboth supervisedand unsuperviseadon-
ditions, are shawvn in Fig. 5. Next, having completelypro-
cessedhetiles, we createa planarsurface— the window —
andapplyadisplacemenmaprepresentingmperfectionsn
theglassLeadingis appliedbetweertile boundariesandthe
resultingobjectis renderedFinal resultsappeain Fig. 6.

Someimage pairs are shavn in Fig. 7, both supervised
andunsupervisedThe aquariumimageshaws resultsfrom
separatelynarkingtwo backgrounds.

Thesuccessf ourmethoddepend<srucially ontheinitial
segmentationjmageswhicharedif cult to sggment,suchas
themandrill, produceincoherenstainedglassimagesAlso,
shadingnformationis lost, sothattheshape®f objectssuch
as the peppersbecomedif cult to discern.It is whenthe
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Figure5: Final tilings with differentbadkgroundconditions:
left, unsupervisedmiddle supervisedwith ladders; right,
supervisedvith diamonds.

Figure 6: Stainedglasswindowsfromthe Gretzky image.

gures in theimagecanbeadequatelgharacterizety their
silhouetteghatourtechniquds mostsuccessful.

5. Conclusions

We have presentedn automatednethodfor transforminga
givenimageinto a stainedglassversionof the image.We
have setout certainrulesto which our tiles mustconform,
and given algorithmswhich producea tiling satisfyingthe
conditions;andwe have proposed setof colors,theheraldic
tinctureswhichbothevokethecharacteof medieval stained
glassandwhich approximatethe paletteof colorsavailable
to the medieval glassvorker.

Thewindows producedy our methodareunpaintedwvin-
dows — thatis, the coloredglassseparatedby leading— and
we rely on the shape®f thetiles to corvey the senseof the
image.Thus,not every original imageis suitablefor repro-
ductionin stainedglass;while we cantransformary input
image imageswith alot of high-frequenyg detailmaybedif-

cult to recognizeTo agreatextentthis canbeameliorated
by supervisionjn the casethata distinct foreground gure
shouldbe emphasizedNonethelesssimply by the natureof
themedium jmagescannotalwaysbefaithfully reproduced.

Reproductions notouraim,however. Stainecglassnher
ently demandsstylizationof its subjectsandnotall images
presentclear gures to be stylized. Whensuch gures are
available,theresultsarestriking.

5.1. Future Work

We have presentecnalgorithmfor the unadornedvindow,
but real stainedglasswindows were often painted.Further
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Figure 7: Stainedglassimage pairs.

compleity wassometimesaddedto the tiles throughetch-
ing and nonuniformstainingof tiles, a practicewhich rst
becamepopularin the 14th century!. Someattentioncould
be putto theseaspect®f thewindow.

A more complex modelingof the glasscould be under
taken. In practice,the window designerchosethe desired
pieceof glassfrom his collection,oftenpreferringparticular
piecesfor their texture. We have givenonly a cursorytreat-
mentto the nonuniformpropertiesof the glass,and much
morework couldbe donein this area.

Finally, we have castour problemin termsof animage |-
ter, mappinga planeimageto awindow. An opportunityfor
futurework liesin building a3D renderewith stained-glass-
style output;with ageometricapproachwe canin principle
producecoherenanimationgatherthansingleimages.
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Figure 8: Stainedglassimage pairs. In thelandscapemage only, we mappedsableto green.

Figure 9: TheGretzly image with supervisedadgrounds.
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