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Abstract

With embeddedystemgaininghigh resolution
displaysindpowerfutpus,the desirdor sophis-
ticatedgraphicaliserinterfaceganbe realized
in eventhe smallesbf system3While the cpu
poweravailabléor a givenpowerbudgetasin-
creasediramaticallythesetiny systemsemain
severelynemoryconstrainedl'his uniqueenvi-
ronmenpresentmterestinghallenges graphi-
calsystendesigrandimplementatioif.o explore
thisparticulaspacea newwindowsystentwin,,
hasbeendevelopedJsing ideasfrom modern
windowsystema largerenvironmentsyin of-
fersoverlappingranslucenvindowsanti-aliased
graphicsand scalabldonts in a total memory
budgetof 10&b.

Motivation

Researcheasthe HP Cambridg&esearchab-
oratoryarebuildinga collectiorof subpdasized
generalpurposenetworkedcomputersas plat-
formsfor dissociatedistributedcomputinge-
searchThesedevicemcludesmallicd or oled
screeng, fewbuttonsandoccasionalsomekind
of pointingdevice.

One of the hardwareplatformsunderdevel-
opmentonsistsf atms320seriesisp(200nie,
xed point, 384b on-chipram), 8mbof ash
memoryan Agilent adns20300ptical mouse
sensora Zigbee(802.15.4yvirelessietworking

interfaceandan Epsonl 2f5017600 Icd screen
(1.1"120x 160color) At 200nle, this processor
is capablef signi cantcomputatiorhut 384Kb
holdslittle data.

In contrastearlygraphicaliserinterfaces$or
desktopplatformsvasmoreconstrainedy avail-
able cpu performancéhan by memory.Early
workstationbad at leasta million pixelsand a
megabytef physicamemorybut only aboutl
mipsof processingowerSoftwaren this envi-
ronmentwasmuchmorea matterof whatcould
bemaddastenoughthanwhatwouldt in mem-
ory.

Whilethe X windowsystem[Masbeerported
to reasonablgmallenvironmentg2a minimal
combinatiorof windowsystemnserverprotocol
library and applicatiortoolkit consumesn the
orderof 4 to 5Smbof memorysometen times
morethanis availablén the targetplatform.

Giventhe newchallengef providinga graph-
icaluserinterfacen thesdiny devicest seemed
reasonable revisitthe wholegraphicahrchitec-
tureandconstruca newsystenfromthe ground
up. The twin windowsysten{for tiny window
systemis the resultof this research.

Assumptions

Thehardwaredescribedboveeanbegeneralized
to providea frameworkwithin whichthe twin
architecturets. By focusingon speci c hard-
warecapabilitieandlimitationsthe windowsys-
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temwill morecompletelytilizethosdimitedre-
sourcef coursepver-constrainirtige require-

mentgcanlimit the potentiatargetenvironments.

Giventhe verygenerahatureof existingvindow
systemst seemmterestingo explorevhathap-
penswvhenlessvariations permitted.

The rst assumptiomadevaghatlittle-to-no
graphicsicceleratias availablavithintheframe
buffer,andthat the framebufferis attachedo
the cputhrougha relativelyslowlink. This com-
binatiormeanshatmostdrawinghouldoedone
with the cpu in localmemoryand not directly
to the framebuffer.This hasan additionaben-
et in encouragingynchronizedcreerupdates
whereintermediateenderingresultsare never
madevisibleto the userlf the cpuhassuf cient
on-chipstoragehisdesigrcanalsareducgower

consumptiohyreducingff-chipdatareferences.

The secondimitationimposedvasto require
a colorscreerwith xed color mappingWhile
this mayappeapurelybene ciato the userthe
softwar@advantagesenumerouaswell.Impre-
ciserenderingperationsannowgeneratemall
nearlyinvisibleerrorsinsteadf visiblyincorrect
resultsthroughthe useof anti-aliasedrawing.
With smoothgradationsf coloravailablethere
isnorequiremerhatthe systensuppordither-
ing or othercolor-approximatirsghemes.

Finallytwin assumethat the targetmachine
providesrespectablepu performancelhis re-
ducesthe needto cacheintermediateender-
ing resultsjike glyphimagedor text.Havinga
homogeneougberformantargetmarketmeans
that twin needsupportonly one generabper-
formancelasof drawingoperationg-or exam-
ple,twin support®nlyanti-aliasedrawingnon-
antialiasedrawingvouldbefasterput the cpus
supportedby twin arerequiredo befastenough
to makethisirrelevant.

The combineceffectof theseenvironmental
limitationsmeanghat twin canprovidesignif-
icantfunctionalitywith little wastedcode Win-

dowsystemsesignedor a rangeof targetplat-
formsmustoftengeneralizinctionalityandex-
poseapplicationgo variabilitywhich will not,
in practicegverbeenexperiencelly them.For
exampleX providessix differentcolor models
for monochromegolormappe@nd staticcolor
displaysin practiceonly TrueColor(separate
monotonicred, green,blue elementdn each
pixel) will everbe usedby the majority of X
usersEliminatingchoicenasbene tsbeyondhe
merereductiorof windowsystentodejt re ects
throughouthe applicatiorstack.

Windowing

Windowingcan be thought of as the process
of simulatingnultiple separataywo-dimensional
surfacesharingthe sameadisplay Thesevirtual
surfacexyr ‘windowsdrethencombinednto a
singlepresentatiorl raditionalwindowsystems
dothisby presenting '2%' dimensionalserin-
terfacevhichassignsifferentconstanZ values
to eachobjectsothat the windowsppeato be
stackean top of oneanother.

Twin provides this traditional metaphor
throughan architectursimilarto the X window
systemCompositextensiornn that all applica-
tionsdrawto off-screemmagebufferswhichare
thencombinedndplacedn the physicaframe
buffer.This hasmanyadvantages:

. Renderingerformances decoupledrom frame

buffer performanceAs the embeddedrame
buffercontrollersncludea privateframebuffer,
thebandwidttavailabléo the cpufor thatmem-
ory is quiterestrictedDecouplinghesetwo op-
erationsneanshat renderinganoperateat full
mainmemoryspeednsteadf thereducedideo
controllermemoryspeed

. Renderingperationseedn'clip to overlapping

windowsEliminatingthe needto performclip-
ping reduceshe complexityandsizeof the win-
dow systenby eliminatingthe codeneededo



constructand maintainthe clip list datastruc-
tures.

. Applicationseednot dealwith damagevents.
In atraditionaktlipping-basegindovsystermap-
plicationsmustbe ableto reconstructheir pre-
sentatiordataquicklyto providedatafor newly
visibleportionsof windows.

. Multiplewindowmagdormatsanbesupported,
includinghosewithtranslucendgformationBy
constructinghe physicaframebufferdatafrom
the combinationf variousvindowcontentsit is
possibléo performarbitraryimagemanipulation
operation®n thosewindowcontentsincluding
translucenaggffects.

In the modelsupportedn the X windowsys-
temby the Compositextensioran externaap-
plicationis responsibléor directingthe system
in constructinghe nal screenmagefrom the
off-screemvindowcontentsTwin hasa simpler
model wherewindowcontentsare composited
togetherthrougha xed mechanismrhis, of
course gliminatessigni cantcomplexitybut at
the costof alsoeliminatingsigni cantgeneral-
ity. Twin doesnot, andis not likely to, support
immersiv&d environments.

Twin tracksrectangularegionsof modi ed
pixelswithin eachwindow When updatingthe
screena singlescanlinef intermediatstorage
is usedto computenewscreercontentsThe list
of displaye@vindowss traversedndanysection*
of thewindowoverlappinthe scanlinés painted
into the intermediatescanlineWhen complete,
the scanlinas sentto the frame buffer. This
singlescanlingrovideghe bene tsof a double
buffereddisplaywithoutthe needfor aduplicate
framebuffer.

Graphics
Theavailabilitpf smallcolorscreenssingeither

lcd or oled technologiesombinedwith suf -
cientcpypowerhaveencouragetthe inclusiorof
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a renderingnodeldesignedb takemaximahd-
vantagef the limited pixelresolutioravailable.
Anti-aliasinandsub-pixeaddressing usedto
produceéhigher delity renderingwithinthelim-
ited screerresolutionPer-pixetranslucencis
includedo “seghrough'objectsaswellasper-
mit arbitraryobjectshape$o minimizeunused
spacenthe screen.

The complete drawing stack provides a
simacrulumof the pdf 1.4 drawingenviron-
ment,completavith af ne transforms;olorim-
ageblendingand PostScriptpath construction
anddrawingools Leveraginthisclassiandwell
knownenvironmergnsureboththat developers
will feelcomfortablevith the toolsandthat the
systenis “completéh somdanformalsense.

PixeManipulation

Twin usegherenderingperationanodelffrom
8%2[5], thewindowsystendevelopefbr thePlan
9 operatingystenby CoxandPike,the sameas
usedin the X renderextension]4 This three-
operandenderingperatoformsthe basaipon
whichall drawings built:

dst= (srcin mask)versourcedst

Thein, over andsourceoperatorareasde-
ned by PorterandDuff.[6] By manipulatinghe
operandghis singleoperatoperformsll of the
renderindacilitiesn the twin systemGeomet-
ric operationsre performedoy constructing
suitablenaskoperandasedn the shapef the

geometry.

Pixeldataarelimitedin twin to threeformats,
8 bit alpha 32 bit argb and16bit rgh. Limiting
formatsn thiswayalongwiththelimitednumber
of operatorsn the renderingequatiorprovided
an opportunityto instantiateeachcombination
in customcompositingode With threeformats
for eacloperandindtwooperatorghereare54
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differentrenderindunctionsn 1Xb of code.
Geomet@bjects

For geometrioperationstwin usesthe model
from PostScriptas implementedn the cairo
graphicsystem.[8]Pathsare constructeffom
a sequencef linesand BéziersplinesAn arbi-
trary path canbe convolveavith a convexpath
to construch newpathrepresentintipe original
path asstrokedby the conveypath. The convo-
lution operatiorapproximatethe outlineof the
Minkowskisumof the two paths.

A pathcanthenbe drawnby scanconverting
it to a maskfor usein the renderingoperation
describedboveBecausthe renderingperation
canhandlegranslucencyhis scarconversioop-
erationdoesanti-aliasingy samplinghe pathin
a4 4 grid overeachpixelto computeapprox-
imatecoveragédata.This samplinggrid canbe
easilyadjustedo tradequalityfor performance.

The applicationinterfaceincludesan af ne
transformatioffomanarbitraryl6.16xed point
coordinatespaceo 12.4 xed point pixelspace.
The 16.16xed point valuegrovidereasonable
dynamiaangefor hardwarevhichdoesnot in-
clude oating point acceleratiohe 12.4 xed
point pixelcoordinateprovidesuf cientresolu-
tion to accuratelyeproduc®bjectgeometryn
the screenNote that the screeris thereforem-
plicitly limitedto 4096pixelssquare.

GlypRepresentation

Providingextat multiplesizesllowghe usernn-
terfaceo takemaximahdvantagef the limited
screersize.This caneitherbe doneby storing
pre-computedlyphsat multiplesizesor prepar-
ing glyphsat run-timefrom scalablelata.Com-
merciakcalabléont formatsall represenglyphs
in outline form. The resultingglyph is con-
structedby lling a complexshapeconstructed

from linesandsplinesThe outlinedatafor one
facefor the ascii characteset could be com-
pressedo lessthan 7kb — signi cantlysmaller
than the storageneededor a bitmapfaceat a

singlesize.

Howevera straightforwardasterizationf an
outline doesnot providean ideal presentation
on the screenOutline fonts oftenincludehint-
ing informationto adjustglyphshapest small
pixel sizesto improvesharpnesand readabil-
ity. Thishintinginformationmequiresigni cantly
morecodeanddatathanthe outlinegshemselves,
makingt impracticalor the targetdeviceclass.

An alternativeepresentatiofor glyphsis as
stroke data. With only the path of the pen
recordedthe amountof datanecessarny rep-
resenteachglyphis reducedMore signi cantly,
with the strokewidth informationisolatedrom
the strokepath, it is possibleo automatically
adjustthe strokepositiongo improvethe pre-
sentatioron the screenA secondargdjustment
of the penshapecompletethe hinting process.
The resultscompardavorablywith fully hinted
outlinetext.

An additionafeatureof the strokerepresenta-
tion is that producingpbliqueandbold variants
of the facearestraightforwardslantingthe text
withoutchanginghe penshapeprovidesa con-
vincingobliquewhile increasinghe penwidth
produces usabléold.

The glyphsthemselvelavea venerabléis-
tory. The shapesomefrom work doneby Dr
A.V. Hersheyfor the US National Bureauof
StandardgS.-hoseglyphsveredesignetbr period
penplottersand wereconstructedrom straight
line segmentsn a relativelylow resolutiorgrid.
The completeset of glyphscontainamanydif-
ferentletterformgrom simplegothicshapeso
lettersconstructeérom multipleparallelstrokes
that provideanillusionof varyingstrokewidths.
Many additionaldecorativglyphswerealsode-
signed.



Fromthis setof shapesa simplegothicsetof
lettersnumberandpunctuatiomvaschosemd-
ditionalglyphsweredesignedo providea com-
plete ascii set. The curveswithin the Hershey
glyphsdesignedssequencesd shortline seg-
mentsweraeplacethy cubicsplinesThisserved
bothto improveheappearanad theglyphaun-
der a varietyof transformsaswellasto reduce
the storageequiredfor the glyphsasa single
cubicsplinecanreplacenanyline segments.ig-
ure 1 showsa glyphasoriginallydesignedvith
33linesegmenandthe samaylyphdescribeds
severBéziersplinesStoragefor this glyphwas
reducedrom 99to 52 bytes.

Figurd.:Convertiigneso Splines

GlypHinting

Giventhe desireto presentext at a varietyof
sizesthe glyphshapeseedo underga scaling
transformatioandthenberasterizetb createn
imageUnlesshis scalings restrictedo integer
valuesthe edge®f the resultingstrokewill not
necessarigtignwiththepixelgrid. Theresulting
glyphswill appeafuzzyandwill behardto read.
To improvethe appearanagf the glyphson
the screena straightforwardhechanisiwasde-
velopedto repositionthe glyph control points
to improvethe rasterizedesult.The glyphdata
wasaugmentetb includea list of X anda list
of Y coordinateg€ach snaplist containyalues
alongtherespectivaxiswheresomepointwithin
the glyphis designedb lie on a pixelboundary.
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Thesewereconstructedutomaticallipy identi-
fyingall verticandhorizontakegmentsf each
glyph,includingsplinesvhosesndsare tangent
to the verticabr horizontal.

The glyphcoordinatearethenscaledo the
desiredsize.The two snaplists (X andY) are
usedto pushglyph coordinateso the nearest
pixelgrid line. Coordinatebetweempointson a
snaplist aremovedso that the relativedistance
fromthe nearessnappedoordinatesemairthe
sameThe penwidth is snappedo the nearest
integersize.If the snappeden width is odd,
the entire glyphis pushed}z a pixelin both
directiongo alignthe penedgewith the pixel
edgesFigure2 showsa glyph beinghintedin
this fashion.

Figur@: HintingA Glyph

The effectis to stretchor shrink the glyph
to align verticaland horizontalstrokesto the
pixel grid. Glyphsdesignedvith evenlyspaced
verticalor horizontalstems(like "'m’) mayend
up unevenlgpaced moresophisticatellinting
systemesouldtakethisinto accounbypreserving
therelativespacinggmongnultiplestrokes.

Uselnterfad®bjects
With the windowsystemsupportinga single

screercontainingnanywindowsthe toolkit ex-
tendsthis modelby creatinga singletop-level
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widget.This top-levelwidgetcontainsa single
boxfor layoutpurpose€achboxcancontaina
numberof widgetor otherboxes.

Layoutwithineactboxis doneeitherhorizon-
tally or verticallywith analgorithmwhichcomes
fromtheLayoutwWidget[3]thattheauthordevel-
opedfor Xt[1] library.Eachwidgethasa natural
sizeand stretchin both directionsThe natural
sizeand stretchof a boxis computedrom the
objectst containsThis formsthe solegeometry
managememhechanismwithin the toolkit and
is reasonablgompetenat both constructing
usablenitial layoutand adaptingto externally
imposedizechanges.

Proce&sThread/odel

Twin wasdnitially developetb run on a custom
embeddedperatingsystemT his operatingsys-
tem designinitially includedsimplecooperative
threadingupportandtwin wasdesignetb run
differentpartsof the windowsystenin different
threads:
. Input wouldrun in onethread eventsveredis-
patchedvithoutqueuinglirectlyto thereceiving
object.
. Eachwindowwould havea threadto redisplay
the windowcontentsThesethreadsvouldblock
on a semaphorawaitinga changén application
statebeforereconstructinthe windowcontents.
Perwindowockscouldblockupdatesuntil the
applicatiorstatewasconsistent.
. Thewindowsystenhadaseparatthreado com-
posethe separat&vindowcontentsnto the nal
screenlisplayThe globalredisplayhreadwould
blockon a semaphorehichthe per-windowe-
displaythreadswould signalwhenany window
contentchangedA global systemlock could
blockupdatesvhileanyapplicatiorstatewasn-
consistent.

This architecturevasdif cult to managasit
requiredoer-taskockingbetweemput andout-

put. The lackof actualmulti-taskingf the ap-
plicationprocessingliminatednuchof thevalue
of threads.

Oncethis wasworkingsupportfor threading
wasremovedrom the custonoperatingystem.

With no threadsupportat all, twin wasre-
designeavith a globalevenioop monitoringn-
put, timersand work queuesThe combination
of thesehreemechanisnieplacedthe collection
of threadsdescribe@bovefairly easilyandthe
complexitiesf lockingbetweemputandoutput
within a singldogicalttaskwereremoved.

Of courseopncethis wasall workingthe cus-
tom operatingystemvasreplacedvith ucLinux.

While the singlethreadmodelworks ne in
ucLinux,it wouldbe niceto split separateut
tasksnto processeRightnowall of thetasksare
linkedinto a monolithicexecutabldhis modu-
larizationworkis underway.

InputModel

A windowsystenis responsiblier collectingaw
input datafrom the userin the form of button,
pointer and key manipulatiorand distributing
themto the appropriat@pplications.

Twin takesa simplisticapproacho this pro-
cessprovidinga singlammutablenodelPointer
eventaredeliveredo the windowcontaininghe
pointingdevice Transparenareaf eachwin-
dowareexcludedrom this containmengoarbi-
trary shapesanbe usedo selector input.

Twin assumethat any pointing devicewill
haveat leastoneassociatezsignal- amousdut-
ton, a screertouch or perhapsomethinglse.
Whenpressedhe pointingdevices "grabbedy
the windowcontaininghe pointerat that point.
Motioninformations delivereanlyto thatwin-
dowuntil the buttonis released.

Deviceeventsnot associatedith a pointer,
suchaskeyboardsareroutedto a xed "active'
windowThe activewindowis setunderapplica-



tion control,suchaswhena mousebuttonpress
occursvithinaninactivavindowThe activewin-
downeedneednot bethe top-mostvindow.

Underboththe originalmulti-threadedhodel
andthecurrensingle-threadedodelthereisno
evenfjueueingvithinthe windowsystemevents
aredispatchedirectlyuponbeingreceivedrom
a deviceThis is certainlyeasyto manageand
allowsamotioneventso be easilydiscardeavhen
the systenis too busyto procesthem However,
withthe switchto multipleindependerngrocesses
runningon ucLinuxjt maybecomeecessatg
gueueeventdetweerhe input collectioragent
andthe applicatiorprocessinthem.

Within the toolkit, eventsare dispatched
througheachevelof the hierarchyWithin each
box,keyboareventsarestaticallyoutedto the
activebox or widgetwhile mouseeventsare
routedto the containindpoxor widgetBy explic-
itly dispatchinglowneachlevel,the containing
widgetsand boxescan enforcewhatevepolicy
theylike for eventdeliveryjncludingmouseor
keyboardyrabsfocustraversaandeventeplay.

While this mechanisns fully implemented,
muchinvestigatioremainsgo bedoneto explore
whatkindsof operationsreusefulandwhether
portionsof whatis now application-de netle-
haviorshouldbe migratednto commorcode.

Windowlanagement

Twin embedsvindowmanagemerightinto the
toolkit. Supportfor resizemoveand minimiza-
tion is not underthe controlof an externahp-
plication.Insteadthe toolkit automaticallgon-
structssuitabledecorationfor eachwindowas
regulartoolkit objectandthe normaleventis-
patchmechanismirectsvindowmanagemeat-
tivities.

While externaimnanagemelig a valuablear-
chitecturalfeaturein a heterogeneowtesktop
environmenthe additionakpacejmeandcom-
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plexityrulesthis out in today'sSubpdaworld.
Statuandrutur&Vork

As computingystemesontinudo pressnto ever
smalleenvironmentthe abilityto bringsophis-
ticateduserinterfaceechnologiealonggreatly
increasdsoth the valueof suchproductsaswell
asthe scopef the potentiaimarket.

The twin windowcompositingnechanism,
graphicamodeland eventdeliverysystemhave
beenmplementedsinga mock-upf the hard-
warerunningon Linux usingthe X windowsys-
tem.Figure3 showsnostof the currentcapabil-
itiesin the system.

While the structureof the twin windowsys-
temis completethetoolkitis far fromcomplete,
havingonly a fewrudimentaryidgetsAnd, as
mentionedbovethe port to ucLinuxis not yet
takingadvantagef the multipleprocessupport
in thatenvironmenf hesechangewill likely be
accompanida) othersastwin is nally running
onthetargethardware.

In thex86emulatiorenvironmenthe window
systenalongwith a smallcadreof demonstration
applicationsow ts in about5(kb of textspace
with memoryabovethat limited largelyto the
storageof the off-screemvindowcontentsPer-
formanceon a 1.3)hz laptopprocessois more
thanadequatet will beratherinterestingo see
how thesealgorithmsscaledownto the target
cpu

The currentsourcecodeis availablérom via
cvs followthelink from http://keithp.comThe
codeis licensedvith an mit-stylelicensepermit-
ting liberalcommercialse.
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