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Abstract

With embeddedsystemsgaininghigh resolution
displaysandpowerfulcpus,thedesirefor sophis-
ticatedgraphicaluserinterfacescanbe realized
in eventhe smallestof systems.While the cpu
poweravailablefor a givenpowerbudgethasin-
creaseddramatically,thesetiny systemsremain
severelymemoryconstrained.This uniqueenvi-
ronmentpresentsinterestingchallengesin graphi-
calsystemdesignandimplementation.To explore
thisparticularspace,anewwindowsystem,twin ,
hasbeendeveloped.Using ideasfrom modern
windowsystemsin largerenvironments,twin of-
fersoverlappingtranslucentwindows,anti-aliased
graphicsand scalablefonts in a total memory
budgetof 100kb.

Motivation

Researchersat theHP CambridgeResearchLab-
oratoryarebuildinga collectionof sub-pdasized
generalpurposenetworkedcomputersas plat-
formsfor dissociated,distributedcomputingre-
search.Thesedevicesincludesmalllcd or oled
screens,a fewbuttonsandoccasionallysomekind
of pointingdevice.

One of the hardwareplatformsunderdevel-
opmentconsistsof a tms320seriesdsp(200mhz,
�xed point, 384kb on-chipram), 8mbof �ash
memory,an Agilent adns-2030Optical mouse
sensor,a Zigbee(802.15.4)wirelessnetworking

interfaceandan Epsonl 2f50176t 00 lcd screen
(1.1",120x 160color).At 200mhz, thisprocessor
is capableof signi�cantcomputation,but 384kb
holdslittle data.

In contrast,earlygraphicaluserinterfacesfor
desktopplatformswasmoreconstrainedbyavail-
able cpu performancethan by memory.Early
workstationshadat leasta million pixelsanda
megabyteof physicalmemorybut only about1
mipsof processingpower.Softwarein this envi-
ronmentwasmuchmorea matterof whatcould
bemadefastenoughthanwhatwould�t in mem-
ory.

WhiletheX windowsystem[7]hasbeenported
to reasonablysmallenvironments[2], a minimal
combinationof windowsystemserver,protocol
library andapplicationtoolkit consumeson the
orderof 4 to 5mbof memory,someten times
morethanis availablein the targetplatform.

Giventhenewchallengeof providinga graph-
icaluserinterfacein thesetiny devices,it seemed
reasonableto revisitthewholegraphicalarchitec-
tureandconstructanewsystemfromtheground
up. The twin windowsystem(for t iny window
system)is theresultof this research.

Assumptions

Thehardwaredescribedabovecanbegeneralized
to providea frameworkwithin whichthe twin
architecture�ts. By focusingon speci�chard-
warecapabilitiesandlimitations,thewindowsys-
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temwill morecompletelyutilizethoselimitedre-
sources.Of course,over-constrainingtherequire-
mentscanlimit thepotentialtargetenvironments.
Giventheverygeneralnatureof existingwindow
systems,it seemsinterestingto explorewhathap-
penswhenlessvariationis permitted.

The�rst assumptionmadewasthat little-to-no
graphicsaccelerationisavailablewithintheframe
buffer,andthat the framebuffer is attachedto
thecputhrougha relativelyslowlink. Thiscom-
binationmeansthatmostdrawingshouldbedone
with the cpu in localmemory,andnot directly
to the framebuffer.This hasanadditionalben-
e�t in encouragingsynchronizedscreenupdates
whereintermediaterenderingresultsare never
madevisibleto theuser.If thecpuhassuf�cient
on-chipstorage,thisdesigncanalsoreducepower
consumptionbyreducingoff-chipdatareferences.

The secondlimitationimposedwasto require
a color screenwith �xed colormapping.While
thismayappearpurelybene�cialto theuser,the
softwareadvantagesarenumerousaswell.Impre-
ciserenderingoperationscannowgeneratesmall
nearlyinvisibleerrorsinsteadof visiblyincorrect
resultsthroughthe useof anti-aliaseddrawing.
With smoothgradationsof coloravailable,there
isnorequirementthatthesystemsupportdither-
ing or othercolor-approximatingschemes.

Finally,twin assumesthat the targetmachine
providesrespectablecpu performance.This re-
ducesthe needto cacheintermediaterender-
ing results,like glyphimagesfor text.Havinga
homogeneouslyperformanttargetmarketmeans
that twin needsupportonly one generalper-
formanceclassof drawingoperations.For exam-
ple,twin supportsonlyanti-aliaseddrawing;non-
antialiaseddrawingwouldbefaster,but thecpus
supportedby twinarerequiredto befastenough
to makethis irrelevant.

The combinedeffectof theseenvironmental
limitationsmeansthat twin canprovidesignif-
icantfunctionalitywith little wastedcode.Win-

dowsystemsdesignedfor a rangeof targetplat-
formsmustoftengeneralizefunctionalityandex-
poseapplicationsto variabilitywhich will not,
in practice,everbeenexperiencedby them.For
example,X providessix differentcolor models
for monochrome,colormappedand staticcolor
displays.In practice,only TrueColor(separate
monotonicred, green,blue elementsin each
pixel) will everbe usedby the majorityof X
users.Eliminatingchoicehasbene�tsbeyondthe
merereductionof windowsystemcode,it re�ects
throughouttheapplicationstack.

Windowing

Windowingcan be thought of as the process
of simulatingmultiple,separate,two-dimensional
surfacessharingthe samedisplay.Thesevirtual
surfaces,or `windows,'arethencombinedinto a
singlepresentation.Traditionalwindowsystems
do thisbypresentinga `21/2' dimensionaluserin-
terfacewhichassignsdifferentconstantZ values
to eachobjectsothat the windowsappearto be
stackedon top of oneanother.

Twin provides this traditional metaphor
throughanarchitecturesimilarto the X window
systemCompositeextensionin that all applica-
tionsdrawto off-screenimagebufferswhichare
thencombinedandplacedin the physicalframe
buffer.This hasmanyadvantages:

. Renderingperformanceis decoupledfrom frame
buffer performance.As the embeddedframe
buffercontrollersincludea privateframebuffer,
thebandwidthavailableto thecpufor thatmem-
ory is quiterestricted.Decouplingthesetwoop-
erationsmeansthat renderingcanoperateat full
mainmemoryspeedinsteadof thereducedvideo
controllermemoryspeed

. Renderingoperationsneedn'tclip to overlapping
windows.Eliminatingthe needto performclip-
pingreducesthecomplexityandsizeof the win-
dow systemby eliminatingthe codeneededto
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constructand maintainthe clip list datastruc-
tures.

. Applicationsneednot dealwith damageevents.
In atraditionalclipping-basedwindowsystem,ap-
plicationsmustbe ableto reconstructtheir pre-
sentationdataquicklyto providedatafor newly
visibleportionsof windows.

. Multiplewindowimageformatscanbesupported,
includingthosewithtranslucencyinformation.By
constructingthephysicalframebufferdatafrom
thecombinationof variouswindowcontents,it is
possibleto performarbitraryimagemanipulation
operationson thosewindowcontents,including
translucencyeffects.

In the modelsupportedin the X windowsys-
temby the Compositeextension,anexternalap-
plicationis responsiblefor directingthe system
in constructingthe �nal screenimagefrom the
off-screenwindowcontents.Twin hasa simpler
model wherewindowcontentsare composited
togetherthrough a �xed mechanism.This, of
course,eliminatessigni�cantcomplexitybut at
the costof alsoeliminatingsigni�cantgeneral-
ity. Twin doesnot, andis not likely to, support
immersive3d environments.

Twin tracksrectangularregionsof modi�ed
pixelswithin eachwindow.When updatingthe
screen,a singlescanlineof intermediatestorage
is usedto computenewscreencontents.The list
of displayedwindowsistraversedandanysection*
of thewindowoverlappingthescanlineis painted
into the intermediatescanline.When complete,
the scanlineis sent to the framebuffer. This
singlescanlineprovidesthe bene�tsof a double
buffereddisplaywithouttheneedfor a duplicate
framebuffer.

Graphics

Theavailabilityof smallcolorscreensusingeither
lcd or oled technologiescombinedwith suf�-
cientcpupowerhaveencouragedthe inclusionof

a renderingmodeldesignedto takemaximalad-
vantageof the limitedpixelresolutionavailable.
Anti-aliasingandsub-pixeladdressingis usedto
producehigher�delity renderingswithinthelim-
ited screenresolution.Per-pixeltranslucencyis
includedto `seethrough'objectsaswellasper-
mit arbitraryobjectshapesto minimizeunused
spaceon thescreen.

The complete drawing stack provides a
simacrulumof the pdf 1.4 drawingenviron-
ment,completewith af�ne transforms,colorim-
ageblendingand PostScriptpath construction
anddrawingtools.Leveragingthisclassicandwell
knownenvironmentensuresboththatdevelopers
will feelcomfortablewith the toolsandthat the
systemis `complete'in someinformalsense.

PixelManipulation

Twin usestherenderingoperationalmodelfrom
81/2[5], thewindowsystemdevelopedfor thePlan
9 operatingsystembyCoxandPike,thesameas
usedin the X renderextension[4]. This three-
operandrenderingoperatorformsthebaseupon
whichall drawingis built:

dst= (srcin mask)over|sourcedst

The in, over andsourceoperatorsareasde-
�ned byPorterandDuff.[6] Bymanipulatingthe
operands,thissingleoperatorperformsall of the
renderingfacilitiesin the twin system.Geomet-
ric operationsare performedby constructinga
suitablemaskoperandbasedon theshapeof the
geometry.

Pixeldataarelimitedin twin to threeformats,
8 bit alpha,32 bit argb and16bit rgb. Limiting
formatsin thiswayalongwiththelimitednumber
of operatorsin the renderingequationprovided
an opportunityto instantiateeachcombination
in customcompositingcode.With threeformats
for eachoperandandtwooperators,thereare54
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differentrenderingfunctionsin 13kb of code.

GeometricObjects

For geometricoperations,twin usesthe model
from PostScriptas implementedin the cairo
graphicssystem.[8]̀Paths'areconstructedfrom
a sequenceof linesandBéziersplines.An arbi-
trary pathcanbe convolvedwith a convexpath
to constructa newpathrepresentingtheoriginal
pathasstrokedby the convexpath.The convo-
lution operationapproximatesthe outlineof the
Minkowskisumof the twopaths.

A pathcanthenbedrawnby scanconverting
it to a maskfor usein the renderingoperation
describedabove.Becausetherenderingoperation
canhandletranslucency,this scanconversionop-
erationdoesanti-aliasingbysamplingthepathin
a 4� 4 grid overeachpixel to computeapprox-
imatecoveragedata.This samplinggrid canbe
easilyadjustedto tradequalityfor performance.

The applicationinterfaceincludesan af�ne
transformationfromanarbitrary16.16�xed point
coordinatespaceto 12.4�xed point pixelspace.
The 16.16�xed point valuesprovidereasonable
dynamicrangefor hardwarewhichdoesnot in-
clude�oating point acceleration.The 12.4�xed
point pixelcoordinatesprovidesuf�cientresolu-
tion to accuratelyreproduceobjectgeometryon
the screen.Note that the screenis thereforeim-
plicitly limitedto 4096pixelssquare.

GlyphRepresentation

Providingtextatmultiplesizesallowstheuserin-
terfaceto takemaximaladvantageof the limited
screensize.This caneitherbe doneby storing
pre-computedglyphsat multiplesizesor prepar-
ing glyphsat run-timefrom scalabledata.Com-
mercialscalablefont formatsall representglyphs
in outline form. The resultingglyph is con-
structedby �lling a complexshapeconstructed

from linesandsplines.The outlinedatafor one
facefor the ascii characterset could be com-
pressedto lessthan 7kb – signi�cantlysmaller
than the storageneededfor a bitmapfaceat a
singlesize.

However,a straightforwardrasterizationof an
outline doesnot providean ideal presentation
on the screen.Outline fontsoftenincludehint-
ing informationto adjustglyphshapesat small
pixel sizesto improvesharpnessand readabil-
ity.Thishintinginformationrequiressigni�cantly
morecodeanddatathantheoutlinesthemselves,
makingit impracticalfor the targetdeviceclass.

An alternativerepresentationfor glyphsis as
stroke data. With only the path of the pen
recorded,the amountof datanecessaryto rep-
resenteachglyphis reduced.More signi�cantly,
with the strokewidth informationisolatedfrom
the strokepath, it is possibleto automatically
adjustthe strokepositionsto improvethe pre-
sentationon the screen.A secondaryadjustment
of the penshapecompletesthe hintingprocess.
The resultscomparefavorablywith fully hinted
outlinetext.

An additionalfeatureof thestrokerepresenta-
tion is that producingobliqueandbold variants
of the facearestraightforward;slantingthe text
withoutchangingthe penshapeprovidesa con-
vincingobliquewhile increasingthe pen width
producesa usablebold.

The glyphsthemselveshavea venerablehis-
tory. The shapescomefrom work doneby Dr
A.V. Hersheyfor the US NationalBureauof
Standards.Thoseglyphsweredesignedfor period
penplottersandwereconstructedfrom straight
line segmentson a relativelylowresolutiongrid.
The completeset of glyphscontainsmanydif-
ferentletterformsfrom simplegothicshapesto
lettersconstructedfrom multipleparallelstrokes
that provideanillusionof varyingstrokewidths.
Manyadditionaldecorativeglyphswerealsode-
signed.
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Fromthissetof shapes,a simplegothicsetof
letters,numbersandpunctuationwaschosen.Ad-
ditionalglyphsweredesignedto providea com-
pleteascii set.The curveswithin the Hershey
glyphs,designedassequencesof short line seg-
ments,werereplacedbycubicsplines.Thisserved
bothto improvetheappearanceof theglyphsun-
der a varietyof transformsaswell asto reduce
the storagerequiredfor the glyphsasa single
cubicsplinecanreplacemanylinesegments.Fig-
ure 1 showsa glyphasoriginallydesignedwith
33linesegmentsandthesameglyphdescribedas
sevenBéziersplines.Storagefor this glyphwas
reducedfrom 99 to 52 bytes.

Figure1:ConvertingLinesTo Splines

GlyphHinting

Giventhe desireto presenttext at a varietyof
sizes,theglyphshapesneedto undergoa scaling
transformationandthenberasterizedto createan
image.Unlessthis scalingis restrictedto integer
values,theedgesof theresultingstrokeswill not
necessarilyalignwiththepixelgrid.Theresulting
glyphswill appearfuzzyandwill behardto read.

To improvethe appearanceof the glyphson
the screen,a straightforwardmechanismwasde-
velopedto repositionthe glyph control points
to improvethe rasterizedresult.The glyphdata
wasaugmentedto includea list of X anda list
of Y coordinates.Each`snap'list containsvalues
alongtherespectiveaxiswheresomepointwithin
theglyphis designedto lie on a pixelboundary.

Thesewereconstructedautomaticallyby identi-
fyingall verticalandhorizontalsegmentsof each
glyph,includingsplineswhoseendsaretangent
to theverticalor horizontal.

The glyphcoordinatesarethenscaledto the
desiredsize.The two snaplists (X and Y) are
usedto pushglyph coordinatesto the nearest
pixelgrid line.Coordinatesbetweenpointson a
snaplist aremovedsothat the relativedistance
fromthenearestsnappedcoordinatesremainthe
same.The penwidth is snappedto the nearest
integersize.If the snappedpen width is odd,
the entireglyph is pushed1/2 a pixel in both
directionsto alignthe penedgeswith the pixel
edges.Figure2 showsa glyph beinghinted in
this fashion.

Figure2:HintingA Glyph

The effectis to stretchor shrink the glyph
to align verticaland horizontalstrokesto the
pixel grid. Glyphsdesignedwith evenlyspaced
verticalor horizontalstems(like `m') mayend
up unevenlyspaced;a moresophisticatedhinting
systemscouldtakethisintoaccountbypreserving
the relativespacingamongmultiplestrokes.

UserInterfaceObjects

With the windowsystemsupportinga single
screencontainingmanywindows,the toolkit ex-
tendsthis modelby creatinga singletop-level
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widget.This top-levelwidgetcontainsa single
boxfor layoutpurposes.Eachboxcancontaina
numberof widgetsor otherboxes.

Layoutwithineachboxis doneeitherhorizon-
tally or verticallywith analgorithmwhichcomes
fromtheLayoutWidget[3]thattheauthordevel-
opedfor Xt[1] library.Eachwidgethasa natural
sizeandstretchin both directions.The natural
sizeandstretchof a box is computedfrom the
objectsit contains.This formsthesolegeometry
managementmechanismwithin the toolkit and
is reasonablycompetentat both constructinga
usableinitial layoutand adaptingto externally
imposedsizechanges.

Process& ThreadModel

Twin wasinitiallydevelopedto run on a custom
embeddedoperatingsystem.This operatingsys-
tem designinitially includedsimplecooperative
threadingsupport,andtwin wasdesignedto run
differentpartsof thewindowsystemin different
threads:

. Input wouldrun in onethread,eventsweredis-
patchedwithoutqueuingdirectlyto thereceiving
object.

. Eachwindowwouldhavea threadto redisplay
the windowcontents.Thesethreadswouldblock
on a semaphoreawaitinga changein application
statebeforereconstructingthe windowcontents.
Perwindowlockscouldblockupdatesuntil the
applicationstatewasconsistent.

. Thewindowsystemhadaseparatethreadto com-
posethe separatewindowcontentsinto the �nal
screendisplay.Theglobalredisplaythreadwould
blockon a semaphorewhichthe per-windowre-
displaythreadswouldsignalwhenany window
contentchanged.A global systemlock could
blockupdateswhileanyapplicationstatewasin-
consistent.

This architecturewasdif�cult to manageasit
requiredper-tasklockingbetweeninputandout-

put. The lackof actualmulti-taskingof the ap-
plicationprocessingeliminatedmuchof thevalue
of threads.

Oncethis wasworking,supportfor threading
wasremovedfromthecustomoperatingsystem.

With no threadsupportat all, twin wasre-
designedwith a globaleventloopmonitoringin-
put, timersand work queues.The combination
of thesethreemechanismsreplacedthecollection
of threadsdescribedabovefairly easily,andthe
complexitiesof lockingbetweeninputandoutput
withina singlelogicaltaskwereremoved.

Of course,oncethis wasall working,the cus-
tomoperatingsystemwasreplacedwith ucLinux.

While the singlethreadmodelworks�ne in
ucLinux,it wouldbe niceto split separateout
tasksintoprocesses.Rightnow,allof thetasksare
linkedinto a monolithicexecutable.This modu-
larizationworkis underway.

InputModel

A windowsystemisresponsiblefor collectingraw
input datafrom the userin the form of button,
pointer and key manipulationand distributing
themto theappropriateapplications.

Twin takesa simplisticapproachto this pro-
cess,providingasingleimmutablemodel.Pointer
eventsaredeliveredto thewindowcontainingthe
pointingdevice.Transparentareasof eachwin-
dowareexcludedfromthiscontainment,soarbi-
traryshapescanbeusedto selectfor input.

Twin assumesthat any pointingdevicewill
haveat leastoneassociatedsignal– amousebut-
ton, a screentouchor perhapssomethingelse.
Whenpressed,thepointingdeviceis`grabbed'by
the windowcontainingthe pointerat that point.
Motioninformationis deliveredonlyto thatwin-
dowuntil thebuttonis released.

Deviceeventsnot associatedwith a pointer,
suchaskeyboards,areroutedto a �xed `active'
window.The activewindowis setunderapplica-
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tion control,suchaswhena mousebuttonpress
occurswithinaninactivewindow.Theactivewin-
downeedneednot bethe top-mostwindow.

Underboththeoriginalmulti-threadedmodel
andthecurrentsingle-threadedmodel,thereisno
eventqueueingwithinthewindowsystem;events
aredispatcheddirectlyuponbeingreceivedfrom
a device.This is certainlyeasyto manageand
allowsmotioneventsto beeasilydiscardedwhen
thesystemis toobusyto processthem.However,
withtheswitchto multipleindependentprocesses
runningon ucLinux,it maybecomenecessaryto
queueeventsbetweenthe input collectionagent
andtheapplicationprocessingthem.

Within the toolkit, eventsare dispatched
througheachlevelof thehierarchy.Within each
box,keyboardeventsarestaticallyroutedto the
activebox or widgetwhile mouseeventsare
routedto thecontainingboxor widget.Byexplic-
itly dispatchingdowneachlevel,the containing
widgetsand boxescanenforcewhateverpolicy
they like for eventdelivery,includingmouseor
keyboardgrabs,focustraversalandeventreplay.

While this mechanismis fully implemented,
muchinvestigationremainsto bedoneto explore
whatkindsof operationsareusefulandwhether
portionsof whatis nowapplication-de�nedbe-
haviorshouldbemigratedinto commoncode.

WindowManagement

Twin embedswindowmanagementright into the
toolkit. Supportfor resize,moveandminimiza-
tion is not underthe controlof an externalap-
plication.Instead,the toolkit automaticallycon-
structssuitabledecorationsfor eachwindowas
regulartoolkit objectsandthe normaleventdis-
patchmechanismdirectswindowmanagementac-
tivities.

While externalmanagementis a valuablear-
chitecturalfeaturein a heterogeneousdesktop
environment,theadditionalspace,timeandcom-

plexityrulesthis out in today'sSub-pdaworld.

StatusandFutureWork

As computingsystemscontinueto pressinto ever
smallerenvironments,theabilityto bringsophis-
ticateduserinterfacetechnologiesalonggreatly
increasesboththevalueof suchproductsaswell
asthescopeof thepotentialmarket.

The twin windowcompositingmechanism,
graphicsmodeland eventdeliverysystemhave
beenimplementedusinga mock-upof the hard-
warerunningon Linuxusingthe X windowsys-
tem.Figure3 showsmostof thecurrentcapabil-
itiesin thesystem.

While the structureof the twin windowsys-
temis complete,thetoolkit is far fromcomplete,
havingonly a fewrudimentarywidgets.And, as
mentionedabove,the port to ucLinuxis not yet
takingadvantageof themultipleprocesssupport
in thatenvironment.Thesechangeswill likelybe
accompaniedby othersastwin is �nally running
on the targethardware.

In thex86emulationenvironment,thewindow
systemalongwithasmallcadreof demonstration
applicationsnow�ts in about50kb of textspace
with memoryabovethat limited largelyto the
storageof the off-screenwindowcontents.Per-
formanceon a 1.2ghz laptopprocessoris more
thanadequate;it will beratherinterestingto see
how thesealgorithmsscaledownto the target
cpu.

The currentsourcecodeis availablefrom via
cvs, followthelink fromhttp://keithp.com.The
codeis licensedwithanmit-stylelicense,permit-
ting liberalcommercialuse.
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Figure3:SampleScreenImage
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