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Abstract

The2000UsenixTechnicalConferenceincludeda pre-
sentationoutlining thestateof theX renderingenviron-
mentandthe capabilitiesnecessaryto bring X into the
modernworld. Duringthepastyear, anew extensionhas
beendesignedandimplementedaspart of the standard
XFree86distribution.

TheX RenderingExtensionaddressesmany of theshort-
comingsinherentin the core X renderingarchitecture
without addingsignificantly to the protocol interpreta-
tion or implementationburden within the server. By
borrowingfundamentalimagecompositingnotionsfrom
the Plan9 window systemandproviding sophisticated
and extensiblefont rendering,XFree86is now much
moreableto supportexistingapplicationswhile encour-
agingnew developmentsin userinterfaces.More work
remainsto be donein areaswherebestpracticeis less
well established,includingprecisepolygonrasterization
andimagetransformations.

1 Intr oduction

At the 2000Usenixconference,the authorpresenteda
paper[Pac00a] whichdiscussedtheproblemsinherentin
thecoreX renderingarchitecturealongwith somepro-
posalson what a solutionmight look like. The funda-
mentalproblemwasthat therenderingsystemhadcod-
ified practicethat was, in hindsight, soonto be obso-
lete. A rushto releasetheoriginal X11 standardleft no
time for researchthat could have resolved sometech-
nical problems. Perhapsthe most importantissuewas
thatthehardwareof thaterawasnot fastenoughfor the
window systemto provide a moresophisticatedmodel
to interactiveapplications.

Some of the proposals in last year’s paper—alpha
compositing, anti-aliasing, sub-pixel positioning and
trapezoids—areincludedin this new extension. Other

partsof theextension,mostnotablytheclient-sidefont
management,have beendevelopedduringthedesignof
theextension.

The developmentof this extensionhasoccurredin an
entirely openfashion,with input solicited from all ar-
easof thewindow systemcommunity. Peopleinvolved
with XFree86,KDE, Qt, Gdk, GnomeandOpenGLall
contributedto thefinal architecture.

Someareasof the specificationare still not complete
andthe implementationis underconstruction,but Ren-
derhasalreadybecomeanimportantpartof theXFree86
distributionastoolkit andapplicationdevelopmentstarts
to take advantageof its presence.It hasalsodelivereda
strongmessagethatXFree86is readyandableto carry
thedevelopmentof theX Window Systemforwardinto
thefuture.

2 Rendering Model

TheX RenderingExtension(Render)[Pac00b] diverges
from the coreX [SG92] renderingsystemby replacing
thepixel-valuebasedmodelwith anRGBmodel.While
pixel valuesare still visible to the client, every pixel
value,even thosestoredin pixmaps,hasan associated
color value. This providesa naturalcolor-basedimag-
ing basewhile still allowing applicationsto seethepixel
valueswhennecessary.

One compromiseresulting from this changeinvolves
pseudo-colorvisuals. The best practicewould be to
dynamicallyallocatecolors to most closely matchthe
displayedcolors. However, the number of pseudo-
color desktopsis dwindling, so a static color model is
usedinstead.This significantlyreducesthe implemen-
tationburdenwhile still allowing applicationsto run on
pseudo-colorhardware. (In fact, the currentXFree86
implementationis without even this simplified support
andyetno bugreportshavebeenfiled to date.)



Along with thepresentationof imagedataascolor val-
ues,Rendersupplantstheraster-opmanipulationsof the
coreprotocolwith theimagecompositingoperatorsfor-
mally definedby PorterandDuff in 1984[PD84]. These
operatorsmanipulatecolor datain a naturalway by in-
troducingtransparency andallowing colordatato mix as
imagesarerenderedatoponeanother.

ThePorter-Duff compositingmodelunifiestheusualno-
tion of translucency, wherea pixel is entirely covered
with a non-opaquevalue,with thenotionof partialcov-
erage,wherea portionof thepixel is coveredwhile the
remainingportionis uncovered.Renderusespartialcov-
eragetoapproximateanti-aliasing;partiallycoveredpix-
els alongthe edgeof geometricobjectsarerenderedas
if they weretranslucent.

All of theoperationsin Renderarespecifiedin termsof
the primitive compositingoperators,yielding a consis-
tentmodelandallowing aminimal implementation.The
renderingmodelis designedto work well with modern
toolkits andapplicationsby providing necessaryserver-
residentoperationsin assimplea fashionaspossible.

2.1 ImageCompositing

Physically, translucentobjectsabsorbsome,but not all,
of thelight passingthroughthem.Thecolorof theobject
affectswhich wavelengthsaremoststronglyabsorbed.
Visually, translucentobjectsappearto affect the color
andbrightnessof objectsbeyondthem.

The effect of an opaqueobject partially obscuringthe
field of view is similar; at fine enoughresolution,the
color sampledat a point neartheedgeof theobjectwill
appearasa mixtureof theoverlyingandunderlyingob-
ject colors. PorterandDuff usedthis propertyto trans-
latepartialcoverageinto translucency.

Theeffect of light on a translucentobjectcanbe simu-
latedby blendingthecolorof thetranslucentobjectwith
thatof objectsbeyond it. Whendealingwith computer
images,translucency canbe describedasa mathemati-
caloperationon thecolordataof acollectionof images.
ThePorterandDuff compositingmodelconsistsof for-
mulaewhich usecolor datain conjunctionwith a per-
pixel opacityvaluecalled“alpha”. With theseformulae
many intuitive imagemanipulationscanbeperformed.

2.1.1 ImageCompositing Operators

Eachof the operatorsdefinedby PorterandDuff oper-
ateindependentlyon eachof thecolor channelsin each
pixel. Theequationsareabbreviatedto show theopera-
tion on asinglechannelof a singlepixel.

A commoncompositingoperationis to placeoneimage
over another. Transparentareasof the overlying image
allow the underlyingimageto show through. Opaque
areashidetheunderlyingimagewhile translucentareas
blendthe two imagestogether. By definingthe“alpha”
of apixel asanumberfrom 0 to 1 measuringits opacity,
a simpleequationcombinestwo pixel colorstogether:

�
result � �

under � �����	� over
�� �
over � � over

PorterandDuff call this the“over” operator.

Another commonoperationis to maskan imagewith
another;transparentareasin themaskareremovedfrom
theimagewhile opaqueareasof themaskleave theim-
agevisible.

�
result � �

mask � � image

This is the“in” operator. They provideacompletecom-
positingalgebraincluding otheroperations;only these
two areneededfor this extension.

One importantaspectof this model is that it createsa
new imagedescriptionwhichattachesanothervalue“al-
pha” to eachpixel. Thisvaluemeasuresthe“opacity” of
thepixel andcanbeoperatedon by therenderingfunc-
tionsalongwith thecolorcomponents.

2.1.2 Destination Alpha

Sometimesit is usefulto createcompositeimageswhich
arethemselvestranslucent,in otherwords,containalpha
values. This effect canbe achieved by augmentingthe
operatorswith anoperationwhichproducesacomposite
alphavaluealongwith thecolor values.For the “over”
operator, thecompositealphavalueis definedas:

�
result � �

under � �����	� over
�� �
over

The“in” operatorcompositealphavalueis:

�
result � �

mask � � image

Theresultingimagescannow beusedin additionalren-
deringoperations.



2.1.3 Premultiplied Alpha

Visible in theaboveequationsfor computingthe“over”
operatoris the asymmetryin the computationof alpha
andthecolorcomponents:�

result � �
under � �����	� over
�� �

over�
result � �

under � �����	� over
�� �
over � � over

This is “fix ed” by respecifyingthe imagedataasbeing
“premultipliedby alpha”. Eachcolor componentin the
imageis replacedby that componentmultiplied by the
associatedalphavalue.Blinn [Bli94] notesthatpremul-
tiplied imageseasily provide the correct resultswhen
run throughlong sequencesof operations,while non-
premultiplied imagesinvolve awkward computations.
Theresultis thatall four componentsarenow computed
uniformly with a singleequation:�

result � �
under � �����	��
�� 
�� �

over

2.2 RenderCompositing Primiti ve

ThePlan9 Window System,designedby RussCox and
RobPike[Pik00], providesaunifiedrenderingoperation
basedPorter-Duff compositing:�

result � � �
image IN

�
mask
 OVER

�
result

All pixel manipulationsaredonethroughthis operation
which providesa simpleandconsistentmodelthrough-
out the renderingsystem.Renderadoptsthis operation
but extendsit slightly. WherePlan9 providesonly an
OVER operator, Renderallows any of theoperatorsde-
fined by PorterandDuff alongwith a specialoperator
designedfor drawing anti-aliasedgraphicsadaptedfrom
OpenGL.An illustrationof the Renderoperatoris seen
in Figure1.

Using this basicrenderingprimitive, the extensionde-
fines geometricoperationsby specifyingthe construc-
tion of animplicit maskwhichis thenusedin thegeneral
primitiveabove. Anti-aliasedgraphicscanbesimulated
by generatingimplicit maskswith partialopacityalong
theedges.

3 Fundamental RenderObjects

As with most X extensions,Renderaddsa numberof
X-server residentdatatypesto encapsulatethe notions
expressedabove:
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Figure1: Operationof thecompositingprimitive

3.1 PictFormat

PictFormatshold informationneededto translatepixel
valuesinto red, green,blue and alphachannels. The
server hasa list of pictureformatscorrespondingto the
variousvisualson the screenalongwith additionalfor-
mats that representdata in various formats stored in
pixmaps.Therearetwo classesof formats,Indexedand
Direct. Indexed PictFormatshold a list of pixel val-
uesandRGBA valueswhile DirectPictFormatsholdbit
masksfor eachof R, G, B andA.

Direct PictFormatsmaycontainall of R, G, B andA or
they maycontainonly R, G andB or only A. Theselat-
ter two providethenecessaryformatsfor separatealpha
masksandfor server visualswhich have no destination
alphachannel.

Each Indexed PictFormat has an associatedcolormap
from which the associatedcolor valuesare allocated.
ThisallowsmultipledifferentIndexedformatsto coexist
by allowing applicationsto selectthebestmatchingfor-
matandselectingtheassociatedcolormapfor windows
renderedin thatformat.

3.2 Picture

Picturesconnectan X Drawable (Window or Pixmap)
with a suitablePictFormat. They also serve asa con-



venientplaceto placerenderingstatethat is relatedto
the picture. Whenthe PictFormatdoesnot provide an
alphachannel,the Picturemay refer to an externalal-
phachannelwhich is representedasanotherPicture,of
whichonly thealphachannelis used.Withoutthisexter-
nalalphachannel,thePicturehasanimplicit alphavalue
of 1 for eachpixel.

Pictures are the universal pixel data representation
within Render. Thereareno explicit pixel valuespro-
vided to any operation. To provide for solid colors or
repeatingpatterns,Pictureshave a ‘Repeat’ attribute,
whenset, the picture is treatedasan infinite sourceof
databy tiling thecontentsof thepicturealongbothaxes.

This allows solid color filling, tiling andstippling to be
a specialcaseof object-to-objectdatacopying.

Oneadditionalpropertyallows for the optimizationof
imagepresentationondisplayswith knownsub-pixelge-
ometry. In suchenvironments,applicationsneedcon-
trol over thecompositingof eachcolor component.The
usualcompositingoperatorblendsall four components
using the samealpha value. When the maskpicture
operandin the compositingprimitive hasthe ‘Compo-
nentAlpha’attribute set, the R, G, B andA valuesare
interpretedasalphavaluesoperatingon eachchannelin
isolation.

3.3 The CompositeRequest

At theheartof theRenderextensionliesasinglerequest:
all otherrenderingis definedin termsof theComposite
requestwhich performsthe basiccompositerendering
operationdescribedin Section2.2. This operatoris de-
finedin theRenderspecificationasfollows:

Composite
op: OP
src: Picture
mask: Picture (or None)
dst: Picture
src-x, src-y: Int16
mask-x, mask-y: Int16
dst-x, dst-y: Int16
width, height: Card16

This requestcombinesthespecifiedrectangle
of src and maskwith the specifiedrectangle
of dst using op as the compositingoperator.
Thecoordinatesarerelativeto their respective
drawable’sorigin. Renderingis clippedto the

geometryof the dst drawableandthento the
dstclip-list, thesrcclip-list andthemaskclip-
list.

If the specifiedrectangleextendsbeyondsrc,
thenif src hasthe repeatattribute set,the src
picturewill betiled to fill thespecifiedrectan-
gle. Otherwiserenderingis clippedto thesrc
geometry.

If the specified rectangle extends beyond
mask,thenif maskhastherepeatattributeset,
the maskpicturewill be tiled to fill the spec-
ified rectangle,otherwiserenderingis clipped
to themaskgeometry.

If src,maskanddstarenotin thesameformat,
andoneof their formatscanhold all without
loss of precision,they are converted to that
format. Alternatively, the server will convert
eachoperandto thefallbackformat.

If maskis None, it is replacedby a constant
alphavalueof 1.

When dst has clip-notify set, a NoExpose
event is sent if the renderingoperationwas
not clipped by either src or mask,otherwise
a sequenceof GraphicsExposeeventsaresent
covering areasin dst where renderingwas
clippedby srcor mask.

Someimportantnoteson this definition:

� Theoperandformatsneednotmatch;Renderauto-
matically convertsformatsto either the mostpre-
ciseof the provided formatsor a fallbackinternal
formatin caseswherenoneof theprovidedformats
canhold thedatawithout loss.

� Solidfills, patternsandimagecopy areall managed
by manipulatingthe‘repeat’attributeof thesource
Picture.

� Geometricobjectsaredrawn by filling ‘mask’ with
an appropriateimage, theseobjectscan then be
usedto stencilany pattern.

3.4 Client-Provided Immediate Data

AsPicturesprovidetheonly representationfor pixeldata
within Render, applicationgeneratedimagesmust use
theexistingcoreX PutImagerequestto transmitthatin-
formation to the server. A future extensioncould pro-
vide new imagetransferfunctionsthatwould eliminate



the intermediatebuffer aswell asoffer standardimage
compressionalgorithmsto reducebandwidthconsumed
by bulk imagedatain anetworkedenvironment.

4 Text Rendering

Font managementand text renderinghasalways been
a sourceof frustrationfrom both implementorsandap-
plicationdevelopers.X attemptedto abstractfonts into
simple bitmap imagesalong with associateddata de-
scribedeitherassimplestringsor integer values. Ras-
terizationof the imageswasleft up to theX server and
applicationaccessto advancedfont information,suchas
kerning tablesand ligatures,was not possiblethrough
thestandardX interfaces.

Many applications,when facedwith the X text model
simply gave up andimplementedall text renderingen-
tirely within the application,sendingthe resultingren-
deredimagesto theX server. TheX text renderingcode
wasrelegatedto drawing labelsfor buttonsanddialog
messages.This is not a very efficientuseof thetremen-
dousaccelerationpotentialof mostgraphicssystems.

While strugglingwith building a similar systemfor the
Renderextension,several factorsconvergedto redirect
developmentin anentirelynew direction. Thefirst was
a realizationthat applicationswould needdirect access
to completefont information,preferablytheraw font file
itself. Only with suchdirectaccesscouldapplicationsbe
assuredthatall of the informationaboutthe font would
beavailableto them.

An initial Renderproposalprovided this accessby ex-
tendingtheexisting X Font Servicesprotocol.Applica-
tions andthe X server would sharefont datavia the X
font server with applicationsrequestingadvancedfont
propertieswith complex new requests.Taking existing
font file formatsandgeneralizingtheinformationsothat
a singleformatcouldencapsulateall informationwasa
dauntingtaskthat I put off while developingthesimple
imagecompositionpartsof theextension.

The secondfactor which changedthe direction of the
text systemwasa discussionaboutPDF files andem-
beddedfont data.As with otherapplications,thedisplay
of PDFfiles requiresthepresentationof fontsavailable
only to the application. The only portablemechanism
for usingapplicationprovided fonts within the existing
font framework is to havetheapplicationusetheX Font
Servicesprotocolbycreatingacustomfontserverwithin

the application. This addsanotherpoint of failure for
all X applicationsasthey now becomeunwittingly de-
pendenton this font server whenever they accessfonts;
addinga largenumberof suchapplicationswill signifi-
cantlyreducetheperformancefor all applicationswhen
manipulatingfont names.

Onegoalfor Renderwasto solvethisproblemin amore
straightforwardfashion.Theobvioussolutionis to have
theapplicationbuild a font from datait provided,send-
ing glyph imagesthroughtheX protocolstreaminstead
of throughthebackdoorwith theX Font Servicespro-
tocol.

The final factor evolved from a discussionaboutUni-
codeencodedfonts.Beforeasingleglyphcanbedrawn,
an X client receives geometricinformation for every
glyph in thefont, aswell astheminimumandmaximum
valuesover the entire font. Whenusingoutline fonts,
theonly way this informationcanbeobtainedis to first
rasterizeeverysingleglyph. For a font with 256glyphs,
this is not a tremendousburden. Encodingscontaining
Han glyphs may containthousandsof glyphs, causing
someperformanceconcerns.Unicodefonts canpoten-
tially containmillions of glyphs. At this point, it be-
comesimpracticalto rasterizeall of the glyphsandde-
liverall of this informationto theapplication,especially
whenonly asmallfractionof thefont is ever likely to be
displayed.

Any new text systemwould needto be designedto al-
low the incrementalrasterizationof glyphs. The prob-
lem with incrementallyrasterizingglyphs within the
X server is that applicationswould needto incremen-
tally requestinformationabouttheglyphs,whichwould
entail making extra round-trips at the protocol level.
Round trips are a seriousperformanceproblem in a
networked environment,and this performancepenalty
would be felt at applicationstartup(which is alreadya
sorepoint with someX applications).

Thesefactors—thedelivery of sophisticatedfont infor-
mation,client-generatedfontsandtheneedto incremen-
tally rasterizefonts without increasingthe numberof
roundtrips—leadto averysimplesolution.TheX Ren-
dering Extensionhasno font support. Instead,it pro-
videsa mechanismfor applicationsto cacheglyph im-
ageswithin theserverandrasterizea sequenceof them.
Applicationsare responsiblefor locating fonts, raster-
izing glyphs and generatinggeometricinformation on
their own.

Thisresolvesall threeproblemswhile reducingthecom-
plexity of theextension.Applicationshavedirectaccess



to the font files, andthusto all of the informationcon-
tainedtherein. As all fonts areclient-supplied,embed-
dedfontsin PDFdocumentsarehandledasefficiently as
any otherfonts.Finally, therearenoroundtrips for font
handlingat all. This reducesapplicationstartuptime,
asno requestsaremadeof theX server to list available
fonts or query font information. It also reducestypi-
cal network traffic, asonly the glyphsactuallyusedby
the applicationtransitthenetwork connection.Theex-
tra traffic consumedby glyph imagesis morethancom-
pensatedfor by thelackof glyph metricinformationfor
glyphsneverdrawn on thescreen.

Measurementsof typical applicationperformance,pre-
sentedin Section4.3,show markeddecreasesbothin ap-
plicationstartuptimeandnetworkutilization,evenwhen
using8 bits for eachpixel in theglyphs.

4.1 Glyph management

The elimination of server-side fonts within Render
presentssomenew challenges.Applicationsstill need
a conciseandefficient way of renderinga sequenceof
glyphsalonga fixed baseline.Renderprovidesfor the
storageof multiple Glyphsin groupsknown as‘Glyph-
Sets’.EachGlyphis essentiallyaPicturewith additional
geometricinformation that describeswhere the glyph
shouldbe drawn relative to the baselineand an offset
to thenext glyph.

Glyphsarenamedwithin GlyphSetsby arbitrary32-bit
numbers:thereis no presumedencoding.Thesenames
aretransmittedin 8, 16 or 32 bit encodings:thereis no
variablelengthencodingprovided.

Within the current XFree86implementation,identical
glyphs sharethe samestorage. This works within a
GlyphSet,andamongmultiple GlyphSetsfrom oneor
more clients. This eliminatesthe server-side storage
overheadfor having clientsprovidetheir own glyphs.

Theduplicaterenderingandtransmissionof glyphscan
be amelioratedby having multiple applicationscooper-
atein therasterizationof glyphsfor particularfonts.The
authorenvisionsa cooperative shared-memorymecha-
nism whereapplicationsin the sameaddressspacecan
work togetherto build the neededglyphs. Becausethe
namesusedto referto theGlyphSetswithin theX server
have a lifetime no greaterthanthe X connectionwhich
createdthename,theRenderprotocolallowseachclient
to have its own namefor eachGlyphSet.TheGlyphSet
existsaslongasany nameexists.

Figure2: Renderingthreeglyphs

Significantinfrastructureandarchitecturewill needto be
designedfor this kind of sharing.As thesechangeswill
not impacttheRenderprotocolitself, this designcanbe
donewhenademonstratedneedexists.

4.2 Glyph drawing

Oncetheneededglyphsaredeliveredto theX server, the
client renderssequencesof themwith oneof the Com-
positeGlyphsrequests(therearethree,correspondingto
thethreeglyph nameencodings).Theserequestsrender
a numberof glyph lists,eachof which is offsetfrom the
previousby positionaldeltasalongbothaxes. Changes
to theselectedglyphsetmaybeinterspersedamongthe
glyphlists. Thisis verymuchlikethecoreX text render-
ing requestswith the additionalgeneralizationof verti-
cal positionadjustments.Thepositionadjustmentshave
also beenextendedfrom 8 to 16 bits. An exampleof
simpletext renderingis shown in Figure2. The glyph
positionsaremarkedalongthebaselinewith caretswhile
theextentof eachglyph imageis outlinedwith adashed
box. Eachglyph containsthe distancefrom the upper
left cornerof the glyph imageto the renderingorigin,
thedimensionsof theglyphimageandthedistancefrom
renderingorigin to the locationwherethenext glyph is
to bedrawn.

Whenapproximatinganti-aliasing,a sequenceof sepa-
rateoperationsusingtheOVER operatorgeneratesinac-
curatevalueswhenmorethanoneoperationcoversthe
sameareawith alphavaluesthatareneithertransparent
nor opaque.Theproblemis thatthesub-pixel geometry



Table1: Network Utilization for Font Data.

Konqueror Kword
Numberof Lists 29 20

ListFonts 1300+ 113000 888+ 215832
Numberof Fonts 21 14
LoadQueryFont 1664+ 41384 1224+ 26900

AddGlyphs 63788+ 0 36840+ 0

of thetwo objectsis lost in theconversionto a coverage
value.

The OVER operatorassumesthat the sub-pixel cover-
ageby two objectsis bestapproximatedby assuming
thateachobjectcoversthesamefractionof theotherob-
ject asof the pixel as a whole. Whendrawing text, a
betterapproximationis to assumethattheglyphsdo not
actuallyoverlap;theoverall areaof coveragewithin the
pixel is thusthesumof theareascoveredby eachpixel.

The glyph drawing requestsallow an optional interme-
diatePictureobjectto becreated;all of theglyphsin the
requestare renderedto this intermediatePictureusing
anADD operator. Theresultingimageis thenrendered
to thedestinationusingtheoperatorspecifiedin the re-
quest. The server is free to eliminatethe intermediate
Pictureobject when the renderingresult would not be
affectedby its use,suchaswhenthe glyphsarerepre-
sentedwith only a singlebit perpixel or whennoneof
theglyphsoverlap.

4.3 Network traffic analysis

With glyphsrasterizedwithin theclient andtransmitted
to the X server, thereis an obvious concernthat these
glyphswill representanadditionalburdenplacedon the
network. While the glyph imageswill indeedincrease
thetraffic sentfrom theclient to theserver, thetraffic in
glyphmetricsfrom theserver to theclientwill beelimi-
nated.

It turns out that for typical applicationexecution, the
eliminationof the glyph metricsandfont namestrans-
mitted from the server to the client morethancompen-
satesfor the additionaltraffic representedby the glyph
images. Table1 shows the network utilization for two
commonapplicationsusingLatin fontswith fewer than
256glyphs.

Of interestis the large numberof bytesneededto sim-
ply selectappropriatefonts; this is representedby the

ListFonts requestsand replies. As the core X archi-
tectureprovidesonly primitivestring-basedfont match-
ing, moresophisticatedschemesmustbe implemented
within theclient,necessitatingthetransmissionof infor-
mationaboutavailablefontsfrom theserver.

Moving from smallLatin-1 encodedfontsto largerHan
or Unicodefonts will significantly increasethe amount
of metric data transmitted,while not significantly in-
creasingtheamountof glyphdata:largepartsof theHan
or Unicodecharactersetwill not beused.

It is importantto note that the core X architecturere-
quiresa roundtrip to list or openfonts. As applications
typically openmany fonts at startuptime, theseaddi-
tional round trips candramaticallyincreasethe time it
takesto initialize theapplication.

5 The Xft library

The elimination of font handling within the X server
shifts the burdenof font file managementto the client.
Disparatemechanismsfor font managementamongdif-
ferent clients is not (usually) desirableleading to the
needfor a standardfont file accesslibrary. Building on
thewell designedFreeType library, the Xft library pro-
vides for commonfont naming, font file management
andfont customization.Xft is not a partof the Render
extensionitself, but is anessentialpartof theoverall ar-
chitecturefor providing font accessto applications.

Xft also allows somelevel of compatibility with older
X serversby presentinga unifiedAPI thatusesthecore
requeststo approximatethe resultsgeneratedwith the
Renderextension. Applicationscan detectwhen this
happensto allow themto compensate.Fortunately, as
XFree86becomeseven morepervasive, the numberof
legacy X servers shouldcontinueto decreasemaking
this compatibilitylargelyunnecessary.

An importantpremiseof thedesignof Xft wasthat the
library shouldnot hide the underlyingrasterizationen-
gine andfont files from the applications.Any attempt
to abstractthis accesswould only serve to prevent ap-
plicationsfrom taking full advantageof thecapabilities
presentwithin thefont filesandrasterizationengine.

Thereis anobviousconflict presenthere– on onehand,
Xft providesenoughabstractionto maskthedifferences
betweencoreX fontsandRenderbasedglyphs,andon
the other it providescompleteaccessto an underlying



font file if present.Applicationswill needto preparefor
eithereventualityandact accordingly. The expectation
is thatXft will beusedby toolkit libraries,whichwould
beresponsiblefor managingthisdistinctionif necessary.

5.1 Font Names

Selectingfonts is a two part process:first locating an
appropriatefaceandthenapplyingadditionalattributes
that modify the faceto createthe right glyph images.
Oncethis hasbeendone,attributesaboutthe font are
passedbackto theapplication.

Xft unifies thesestepsinto one mechanism. An Xft-
FontNameis a typedpropertylist; eachelementhasa
nameanda value.Eachavailablefaceis representedby
anXftFontNamecontainingthepropertiesof thefaceas
providedby theunderlyingfont mechanism.

ApplicationsconstructXftFontNamesandpresentthem
to theAPI. Thelibrary matchesthisnamewith theavail-
able facesto selectthe bestfaceand thenpresentsthe
additionalpropertiesto the rasterizerto adjustthe final
glyph presentation.Theresultingfont hasanassociated
namewhich containsadditional information about the
font, suchasthefile from which thefacewasloaded.

While the internal representationof a nameis a prop-
erty list, it is convenientfor existingapplicationsto have
a string representationwhich canbe convertedinto the
internalrepresentation.Thegeneralformat for Xft font
namestringsis:

�������! #"%$'& � ��() +*�,-&/.0�213���4,-& � �657�7"98�,-&/:0:0:
A typicalspecificationmightbe“times-12”whichspec-
ifies a 12-pointfont from the timesfamily. Thedefault
valuesfor weight andslantyield a medium-weightro-
man variant. Even the family and size fields are op-
tional;Xft will choosea suitablefamily anddefault size
basedon theremainingprovidedattributes.In themini-
malcase,thefont name“” will alwaysmatchsomething.

6 Render is Still Under Construction

Thepiecesof Renderdescribedaboveabovearenotvery
controversial; they codify existing practicefrom other
systemswhich is known to work well. They have also
beenin usefor sometime, providing somereasonable
assurancesas to their value. Two further components

of the extensionarelesswell understoodandcurrently
not implementedwithin XFree86. Thesecomponents,
polygon renderingand image transformation,are dis-
cussednext, presentingboth resolved and outstanding
issueswith currentthinking.

7 Polygon Rendering

Takingcuesfrom OpenGL[SAe99], Renderreducesthe
geometricobjectsto berenderedby theserver to amini-
malset.Complex objectsaretesselatedwithin theclient
andsentto theserver asa setof primitive objects.This
minimizesthe implementationeffort within the server
alongwith the effort neededto testtheconformanceof
animplementationwhile notpenalizingapplicationstoo
severely.

Renderprovides two separateprimitive objects; trian-
glesandtrapezoids.Both aredefinedin termsof 32-bit
fixed point numberswhich use24 bits for the integer
portionof thevalueand8 bits for thefractionalportion.
This allows muchmorepreciselocationof the vertices
for polygonsandeliminatesa significantsourceof vi-
sualnoisecausedwhenobjectsaresnappedto aninteger
grid.

Trianglesare specifiedby locating their threevertices
usingthesecoordinates.Trapezoidsaremorecomplex
as they are designedto accuratelyrepresentthe tesse-
lations usedby PostScript[Ado85] and Gdk. Trape-
zoidsarerepresentedby two horizontallinesdelimiting
the top andbottomof the trapezoidandtwo additional
linesspecifiedby arbitrarypoints,asshown in Figure3.
Any areabetweenthe four lines is a trapezoid(or, in
thedegeneratecase,a triangle).Allowing pointsnot co-
incidentwith the top or bottomof the trapezoidmakes
theedgesof multiple trapezoidssharingthesameedges
align precisely;the sameline canbe usedfor all of the
trapezoidsirrespectiveof thehorizontalextentsof those
objects.

The rasterization of polygons seems like a non-
controversial problem; connecta sequenceof vertices
with lines andfill the coveredarea. However, a conse-
quentialissuedoesarise: thespecificationof anappro-
priatelevel of renderingprecision.
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Figure3: RenderingaTrapezoid

7.1 Precisevs Impr ecise

The first questionwhich arisesis whetherthe precise
pixelizationof polygonsshouldbespecifiedin thestan-
dard. ThecoreX protocolrequiresprecisepixelization
of all objects,which makesverifying the implementa-
tion quite easy, but alsoessentiallyeliminatedthe util-
ity of thoseobjects. The coreX specificationof most
primitivesturnedout to be too hard to implementeffi-
ciently in software,andonly somerecenthardwarehas
enoughflexibility to implementa significantportion in
hardware. Very few applicationsuseX geometricob-
jectsbeyondzero-widthlines.

For impreciserasterization,leaving thepixelizationen-
tirely unspecifiedmakesthe primitivesvery difficult to
use;applicationsmustacceptwide variationsin poten-
tial presentation.Thequestioniswhatconstraintsshould
beappliedto pixelization.OpenGLhasrelatively weak
invariant requirementsbecauseof the desirefor high-
performancemixedsoftwareandhardwareimplementa-
tions. Existingapplicationshave strongerrequirements
for consistentpixelizationwhich requireadditionalcon-
straints.

Precisepixelization placesstrongrequirementson the
specification:thepixelizationspecifiedmustbereason-
ableto implementaswell asreasonablelooking. A poor
specificationcanmakeevery implementationuseless.A
precisespecificationis alsouseful for applicationsthat
needto mix server side and client side rendering,but
only if thespecificationis straightforwardto implement.

Insteadof offering only oneof thesetwo modes,Ren-
derprovidesboth. An imprecisemodedesignedto map
to existing GL-optimizedhardwareanda precisemode

designedto satisfy the needsof applicationsrequiring
detailedcontrolover therenderedresultson thescreen.

7.2 Impr ecisePolygons

Imprecisepolygonsmustmatchabrief setof invariants:

� Precisematchingof abuttingedges.Whenspecify-
ing two polygonsabutting alonga commonedge,
if that edgeis specifiedwith the samecoordinates
in eachpolygon then the sumof alphavaluesfor
pixelsinsidetheunionof thetwo polygonsmustbe
preciselyone.

� Translational invariance. The pixelization of the
polygonmustbethesamewheneitherthepolygon
or the targetdrawablearetranslatedby any whole
numberof pixelsin any direction.

� Sharpedges. Whenthe polygonis rasterizedwith
Sharp(non anti-aliased)edges,the implicit alpha
maskwill containonly 1 or 0 for eachpixel.

� Order independence. Two identicalpolygonsspec-
ified with verticesin differentordersmustgenerate
identicalresults.

Theseconstraintsare designedto minimize the visual
artifactsassociatedwith polygontesselationandtransla-
tion. It is believedthat theseinvariantscanbe satisfied
with existing hardware.

7.3 PrecisePolygons

Precisepolygonspresentadifficult challenge.For sharp
polygons, the specificationis straightforward: pixels
whosecenterpoints fall within the polygonaredrawn,
thoseoutsideare not. Following the X model, pixels
whosecenterlie preciselyon an edgearedrawn when
thepolygoninterior is to theright, or if on a horizontal
edgewhenthepolygoninterior is below.

Given a 32-bit coordinatespace,this can be imple-
mentedexactly usingvaluesno larger than64 bits, and
thatonly for clipping.

For smooth(anti-aliased)polygons,the answeris less
certain. The obviousanswerof computingthe fraction
of eachpixel coveredby the polygon turns out to be



computationallyexpensive; no fewer than192 bits ap-
pearto berequiredto preciselycomputetheareacovered
by apixel intersectedby bothsidesof thetrapezoid.

While this may be betterthan the computationneeded
to renderwide ellipsesfrom the coreprotocol, thereis
no reasonto believe that this particularspecificationis
any betterthanone lessexpensive to implement. The
areacoveredby apixel is only a roughapproximationto
thecorrectvalueneededto filter thepolygonshapeto a
collectionof pixels; a cheaperspecificationwill be just
as“correct”, aslong asit generatesessentiallythesame
values.

A currentproposalis to split the pixels involved into
threegroups: pixels entirely coveredby the polygon,
pixelsentirelyuncoveredby thepolygonandpixelspar-
tially coveredby the polygon. Coveredanduncovered
pixelsgeneratetheobviousresults.

For eachpixel partially coveredby the trapezoid,the
coverageis computedby clipping the trapezoidto the
pixel boundaries.Wherethe trapezoidedgesintersect
the boundariesof the pixel, the coordinatesare repre-
sentedas16-bit fractionalvaluesalongthe pixel edge.
Thisprecisionyieldspixel coverageerrorsof lessthan1
partin =?>�@ while requiringonly 32bit arithmeticfor the
areacomputationwithin thepixel.

Another proposalwould be to eliminateprecisepoly-
gonsfrom the extension,leaving only imprecisepoly-
gons.Questionsremainaboutwhatadditionalinvariants
would needto beaddedto theexisting list andwhether
they would impacthardwareaccelerationfor imprecise
polygons.

Which choicemakes the most sensemay well depend
on whetheran efficient implementationcanbe written
which captureseither the above definition of precise
polygonsor an alternative precisespecification.Lack-
inganefficientimplementation,applicationswill rapidly
gravitate to imprecisepolygons,leaving precisepoly-
gonsasyet anotheralbatrosswithin theX server. 1

7.4 PolygonRequests

Thereis a singlerequestthatrendersa setof trapezoids
and threerequestsfor renderingtriangles. Trapezoids
arespecifiedby four boundinglines, a top andbottom
horizontalline and two diagonallines, on the left and
right. The trapezoidin Figure 3 shows that the coor-

1Along with PEX,XIE, LBX, wide lines,. . .

dinatesspecifyingthe left andright edgesneednot be
coincidentwith thehorizontalelements.

The trianglerequestsdiffer only in the encodingof the
triangle vertices. The requestformatsare taken from
OpenGLAPIs. The first form deliversa simple list of
triangleswith onepoint pervertex in eachtriangle.The
secondusesa list of verticesandcombinesthe last two
verticesof atrianglewith thenext vertex to form another
triangle.Thisoperationprecedesuntil thelist of vertices
is exhausted.Thefinal triangleform combinesthe first
andthird vertex of atrianglewith thenext vertex to form
thesucceedingtriangle.

Theserequestseachoperateas implicit maskelements
in the baseCompositeoperator. A sourcePicturepro-
videsRGBA elements.Additional requeststhatprovide
RGBA valuesfor eachvertex replacethesourcePicture
with an implicit Picturegeneratedby interpolatingthe
RGBA vertex colorsthroughthepolygon.This allowsa
wide rangeof color effectswith only a few requests.

8 Image Transformation

Thefinal operationaddedto Renderinvolvesthe trans-
formationof imagedatawithin the X server. Arbitrary
affine transformationsprovide a wealthof possiblema-
nipulationsthatcanbeacceleratedwith hardwaretradi-
tionally usedfor 3D texturemapping.

The Transformrequesttakes a quadrilateralareafrom
the sourceimage and maps it to a quadrilateralarea
within thedestinationarea.Verticesaremappedsequen-
tially which allows anarbitraryaffine transformationof
theimagedatafrom sourceto dest.

The destinationquadrilateralforms an implicit alpha
maskwhich may be usedto smooththe edgesof the
transformedimage. Thesourceimageis createdby fil-
teringthesourcePictureduringthetransformation.The
precisesetof filters to beprovidedhasnot yet beende-
termined;the expectationis that commonhardwarefil-
ters shouldbe includedalong with a few higher qual-
ity filters designedwith digital signalprocessingtech-
niques.

The eventualintent is to allow implementationsto pro-
vide additionalfilters asneededand to createa mech-
anismwithin the protocol to advertiseat leastsomeof
their characteristics.



Thereareadditionalquestionsaboutedgeeffectswithin
the filter execution; perhapsadditional filter parame-
terswill be neededto generatepixel valuesbeyond the
boundsof thesourceimage.

There is also a proposal to limit the destinationto
a trapezoidrather than the more generalquadrilateral
form. This would probablysimplify the initial imple-
mentationwhile not overly restrictingfuture optimiza-
tions.

9 History and Status

The need for the Renderextensionhas beenpresent
ever since the X server moved from monochrometo
color; theoriginal renderingarchitecturewasneverwell
suitedto dealingwith color data. However, only with
the recentrenaissanceof X-basedapplicationdevelop-
mentandconsequentreinvigorationof X technologyhas
enoughinterestandthoughtbeenappliedto researching
whatwasneeded.

Too much weight had beenhistorically given to com-
patibility with existing X applicationsand X servers.
The two new opensourceuserinterfaceenvironments,
GnomeandKDE, werehamstrungby theexistingX ren-
deringsystem.KDE acceptedthe limitationsof theen-
vironmentandmadethebestof them. Gnomereplaced
server-siderenderingwith client-siderenderingturning
theX protocolinto asimpleimagetransportsystem.The
lackof hardwareaccelerationandthedestructionof rea-
sonableremoteapplicationperformancedemonstrated
that this directionshouldbesupplantedwith something
providing a modicumof server-sidesupport.

As of Usenix2000,no formal proposalsfor a complete
extensionhad beenproducedand yet considerablein-
terestattendedthe presentationof a collectionof ideas
relatedto this issue. One of the attendees,Rob Pike,
describedthe architectureof the renderingsystemthat
he andRussCox haddevelopedfor thePlan9 window
system.Thesimpleunifiedarchitecturefrom thatenvi-
ronmentwaslifted with only slight extensionsto form
thecoreof thisnew X-basedrenderingsystem.

TheRenderextensionprotocolwasdiscussedwithin the
XFree86community for several months. Onceit had
stabilized,an implementationwasstartedwith the goal
of producinga workabledemonstrationof anti-aliased
text by Augustof 2000.

At this point, theimplementationprovidessupportonly
for the basiccompositingprimitive alongwith the text
primitives. The issuesdiscussedabove relatedto anti-
aliasedpolygon rasterizationprecludean implementa-
tion of either polygon or imagetransformationopera-
tors.Oncethatissuehasbeenresolved,theimplementa-
tion canbecompleted.

Startingin Octoberof last year, an architecturefor ac-
celeratingthe Renderextensionhasbeenunderdevel-
opment within the XFree86 server. As the protocol
hasbeendesignedfor implementationon modernhard-
ware, the implementationof the primitivesthemselves
hasbeenrelatively straightforward. As expected,hard-
ware accelerationprovides a tremendousperformance
benefit.Early measurementsof simpleimagecomposit-
ing by theauthorandMark Vojkovich showedthehard-
warerunningasmuchasforty timesfasterthanreason-
ably optimizedC code.

Latein 2000,Xft supportwasbeenintegratedinto theQt
toolkit, whichformstheunderpinningsfor theK desktop
environment. That toolkit providesa completeabstrac-
tion for all renderingoperations,sotheactof modifying
thetoolkit instantlyprovidedanti-aliasedtext in all KDE
applications.With Qt 3.0,additionalRenderfunctional-
ity will be utilized, allowing applicationsto composite
imageson thescreen.

Someattemptshave also beenmadeto utilize Render
within theGnomecommunity. However, until the tran-
sitionfrom Gtk+1.2to Gtk+ 2.0,toomuchof theunder-
lying X font modelis exposedto applicationsto enablea
completetransition.Gtk+2.0shouldbereadywithin the
next year, providing thecommunitywith anothertoolkit
freeof coreX font dependencies.

10 Conclusion

TheX RenderingExtensionprovidesa completelynew
renderingmodel for usewithin the X window system.
Its small size and low level primitives permit a rela-
tively modestsizeimplementationwhile providingcom-
pletefunctionality. Theprimitiveshavebeendesignedto
closelymatchboth applicationrequirementsandhard-
warecapabilities.

TheX desktophasalreadybeguna transformationwith
the introductionof anti-aliasedtext in several toolkits
andapplicationsuites.Wheretoolkits wereoncestrug-
gling to providemodernuserinterfacetechniques,Ren-



derstepsin andpermitsapplicationsto speaktheir own
language. New applicationshave beenthreateningto
turn X into a simpleimagetransportprotocol; the core
renderingsystemhasprovenessentiallyunworkablein
the modernworld. Renderbringsgraphicsbackto the
server, exposingthe capabilitiesof the hardwarewhile
permittingapplicationsto againrun efficiently acrossa
network. Renderallows the X window systemto again
supporttheadvancementof theopensourcedesktopen-
vironment.
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