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Abstract

Networled Surfacesare surfacessud as deskswhich
provide network conrectivity to specially augmeted de-
vices,for examplehardheldcompters. Whenthe devices
arephysicallyplaced ontop of thesurface they canconnet
to differentkindsof services- mainly, but not exclusivelyto
sendandreceivedata.

This paper discusseshallenges in implementingNet-
worked Surface, paying particular attention to data flow
issuesfocusingon howthevarious softwae andhardware
entitiescomprisingthe Surfacenteractto transpaot datato
andfromobijects.
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1. Intr oduction

This paperdescribeghe various software andhardware
entitiesthatmale up the Networked Surface concentating
on how theseentitiesinteractto achieve datatransprt be-
tweenthe Interretanddeviceson the Surface.

In the first section,a shortoverview of the conceptof
Networked Surfaceswill be preseted,andcompaisonsto
wired andwirelessnetworks will bedrawvn. Otherservices
that canbe provided, suchaslocationinformation for ob-
jects,will alsobehighlighted.

The secondsectionwill discussthe processof comect-
ing a device to the Networked Surfacebussesjn orderto
allow datapathsto be established.Details are also given
of the different typesof network provided, to suppot the
various classe®f devices,from palmtopto PC.

Thethird sectionlooks atimplemenation detailsof the
“Surface Managet, which bridges databetweenconven-
tional networks andNetworked Surfacebusses Hardware,
kerrel-level software, and userlevel software mustall in-
teractto enablethis dataflow.

The fourth sectiondiscusse@ndinterprets preliminary
measuementsof how long it takesto conrectanobjed as
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well asof the datarateandthereliability of a datachannel
oncetheobjed is conneted.

1.1 Wiredvs. Wireless

The world of today containsmore and more electronic
devices thatcanstoreandexcharge datain privateandpro-
fessionalife.

Desktopcomputersare comma in every office, more
laptogs arein useandin addition anincreasingnumbe of
smallerdevicessuchasdigital cameraspersoml digital as-
sistants(PDA), playersfor digitally storedmusicandmo-
bile phoresaremorecommaplace.All thesedevicesneed
to exchangedatato beuseful. For example userswill want
to downloadmusicfrom theirdeskt into their MP3 player
or storeminutes from a businessmeetingfrom their PDA
ontoalaptop etc..

Desktopsaretypically connetedto high speedethernet
networks andlaptopsareincreasinty conrectedio wireless
etherret, representig examges of the main two waysto
conrectdevices, namelywired andwireless

Wired conrectionsoffer highbandvidth asin thecaseof
etherret. They alsooffer awide rangeof differenttypesof
conrectionsincluding USB andRS-232 which arein wide
usefor the smallerdevicesmentianed. Unfortunately with
moreandmoreof thesedevices,theusersalsogetmore and
moredifferent cablescluttering desks.

Wirelessnetworks suchaswirelessetherng[5] or Blue-
Tooth[1] offer a solutionto the problemof too mary wires,
but typically provideslessbandwidh which, in addition is
inheiently shared.This disadwartageis likely to be ampli-
fiedasmoreof thesmallerdevices gainwirelessconnetiv-

ity.
1.2 The Networked Surfaces Concept

TheNetworkedSurfacesprojed representsanattempto
keepthe advantajesof both method of conrectiity while
minimisingthedisadartages.Thegoalis to beableto con-
nectvariows devices to a network thatfulfills theirneedsn



termsof bandwidh (thatis, higherbandwdth for devices
like laptops andlower bardwidth for deviceslike PDAS),
in a manrer which is intuitive to the user eliminatingthe
needto know which device connets with which cableand
avoiding tediots setupprocediresof multiple serial ports
etc.

In orde to achievethesegods, it is proposedhatdevices
be conrectedby simply placingthemontoa specialsurface
suchas desks. Both the surface and the device are aug-
mentedo enalbe themto recogrize eachotherandto nego-
tiate whattypesof connetionsthatparticuar objed need,
and whethe they are available on that particularsurface,
enaling usto usethe samentuitive comectionmethal for
differentdevices. The surfaceis pernanentlyconnetedto
anentity calledthe Surfa@ Manager, which senesthedual
pumposeof managilg the surfaceitself, aswell asproviding
themeandor variousobjectsto sendandreceve their data.

Thus,with this method,devicescanbe comectedwhile
they are placedon the surface. While this approachdoes
not offer quite the samefreecbm of movementthatis pro-
vided with wirelessnetworks, it is sufficient for mostpur
poses:digital camera for exanple typically do not need
to take pictureswhile they are downloadingtheir contents
onto anothercompuer, usersdo not listen to musicwhile
they aredownloadingit into anMP3 playe andlaptopsare
comnonly usedfor exterdedperiods of time while they are
placedon desks.

1.3 Additional Advantages

In addition to datatransmissionthepropaseddesigncan
alsooffer otherusefulservicego devices.

Since portalte devices typically only drav a small
amount of power from their batteriesjt is possibleto pro-
vide power as an additioral serviceon the surface, given
thatappopriatesafetymeasursareprovided Thiswaythe
objed would not needto useits batterieswhile it is placed
onthesurface.Furthernore, the surfacecouldalsoprovide
enepgy to chage the object’s battery Mobile phaes, for
exanple, couldeasilyberechagedthis way, sincethey are
oftentakenout of pocketsandplacedon desks.

Furthernore, location informatin for every object
placedon the surface can be provided a very importan
guantity for sentientcomputing [8, 3], which in turn en-
harcesandfurther simplifiesthe useof devices.

For exampe, insteadof directly conrecting the digital
cameato a specificworkstationvia a cable,locationinfor-
mationcould be usedto infer that conrection. Giventhat
thelocationof the workstationandits keyboardis known,
the usercould specifyto download the pictures from the
camea to that particulardesktopcomputer by placingthe
camea closeto thekeyboardon a networkedsurface.
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Figure 1. Networked Surface Architecture

1.4 DesignOverview

Only a brief ovewiew of the designcan be presented
here but amoredetaileddescriptian canbefound in [9].
Thedescribedarchitectue is illustratedin Figurel.

1.41. Topology In thecurrent prototype,the comectionof
objectsto the surfaee is achieved by directtouchof metal
contacts placedin acertaintopolagy.

On the surface the contactshave the form of strips or-
garized in columrs, while on the objects they are repre-
sentedin small round pacds placedin a circle, as shavn
in Figure2. In orderto support a given type of network,
a certainnunber of connectioms arerequired(for exanple
a bidirectional serialconnetion requresthreeconrections
for grourd, transmitandreceve), resultingin a smalleror
bigger circle in which the pads are placedfor differentde-
vices.

1.42. Scalability through Tiling. To monitor each of
the strips of the surface a certainamount of electroncs
is neead. Implemanting this circuitry in one centralised
pieceof hardware would make the systenvery inflexible to
chan@s. Henceto keepthe systemscalablethe surfaceis
divided up into smallerpartscalledtiles, contrdled by tile
controllers.

Eachtile contrdler includes a small microgrocessoito
moritor the stripsanddetectobjectsautonanously aswell
ascircuitry for eachstrip to sendandreceve a low bit-rate
signal, necessaryor the processof detectingdevicesand
deternining thetypeof conrectionthey need.

1The objed andthe surface could alsobe conrectedin otherways,us-
ing capaitive [10] or inductive couding, but while it is plannel to address
thesepossibiities later, it is notwithin the scopeof this paper
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Figure 2. Example Layout for Chosen Topol-
ogy

A contol bus permanently conrectsall tiles to the sur
facemanagr. This bus is implementedusing 12C bus, a
standad originally developedby Philips[4]. 12C is a syn-
chranous, multi-drop, wired-and bus andwas chosen, be-
causdt specifiedbusarbitraion aswell asframing of pack-
etsandis readilyavailablein mary microprocessors.

Using the contol bus, the surfacemanagr contrds the
tiles by sendingmessagesoncening the comectionand
discomectionof strips, aswell asthe synchrmization of
thetiles,whichis important for theprocessusedby thetiles
to detectnew objects.

1.43. The Data Busses.All thedatabussesareconrected
from themanagr to eachtile, enablirg the tiles to connet
objeds to the functions they desireandmanagng the data
traffic from andto thedevices.

Sincemultiple objectsmight sharea databus,thebusses
insidethesurfacemustbe multi-drop bussesCurrerly two
typesof dataconrectionsare implemented. For low bit-
rate devices an 12C bus is usedagain,while for high bit-
ratedevices,B-LVDS [2] is used.B-LVDS usedifferential
signallingto decreasé¢he sensitvity to noisecouging into
thesignal. LVDS waschosenbecaseit only specifieghe
physicalsignallevels,hene giving theoppatunity to com-
paredifferent framing andarbitration schemes.

In orderto offer morebandvidth, multiple instancef
this bus areimplemerted, which alsoallows a limited way
to gualmnteequality of servicefor devices.

1.44. The Object. For the objed, the samesystemcom-
porentsneedto be replicaed. The objectonly hasoneset
of pads,so no tiling is necessary Hencethe objectman-
ager, which givesthe object accesgo the databus andex-
chamescortrol messagewith its courterparton the sur
face,might be implementedin the sameunit asthe object
padcontmoller, the compnen which monitas the objects
packs.
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Figure 3. Networked Surfaces Prototype

Figure 3 shavs a photo of the implenmentedpratotype,
shaving the surfacetiles andtheir contrdlers, aswell as
objecthardvareperfamingthefunctiors of bothcontwoller
andmanagerThesurfacemanagr PCl cardis alsoshown.

2. Networked Surface Objects
2.1 Connection and Disconnection

Oneof thenovel andinterestingoroblensin implemant-
ing Networked Surfacedies with thehighly dynamicnature
of thenetwork topdogy. Connectioranddisconnetion can
occuratary time, causinganobjectto beaddedor removed
from thenetwork.

It is important to conrect objectsto the network as
quicKy aspossiblejn order to reducethe lateng between
thetime the objecttouche the surfaceandthe startof data
transfer For exanple, a userplacinga PDA onthesurface
shouldnotbekeptwaitinglongbefore their PDA couldstart
“synchronising”.

Lessobviousis the impartanceof disconnetion speed.
Quickdisconrectiondetectiorallows the surfacepadsused
by an objectto be madequicky availablefor anotler con-
nection Oneparticdar casewherethisis importantis if a
conrectedobjectis moved slightly, so thatthe objed still
spansmary of the samesurfacepads,but is moved suffi-
ciently thatthe object-tesurfacepad mappirg is nolonger
valid. In this case the time-to+reconmectionfor the object
depenisonboththeconrectiondelayandthedisconnetion
delayso that the padsare availablefor recomection. One
exanple of thiswould be a userwith a notebak computer,
who movesit slightly to shov a colleage someresultson
the screenput would not expect to losetheir network con-
nectionfor asignificantamouwnt of time.

2.11. Connecticn Details. As previously menticned, the
networkedsurfaceconsistof mary tiles conrectedto asin-
gle surfacemanagr. Theuseof mary tiles pronotesscala-
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Figure 4. Handshaking and Registration Pro-
tocols

bility, aseachtile is resposible for handghakingwith new
objeds for its own portion of the surface,andthe surface
manaerdoesnotneedto directly cortrol eachsurfacepad.
Figure4 showvs the hanagshakingprotoml.

In orde to hardshale, thetiles eachsend‘beaca” mes-
sageson eachsurface strip periddically, cycling throwgh
eachstrip in turn. When an objed detectsa beacon it
“asks” for one of the functionsit requres, which the tile
thenmarks asin “standby”mock. In the standbymode, the
tile sendsmodified“standbybeacos” periodially on the
strip, but thesebeacos specify which function was aslked
for, sootherobjectsreceving thisbeacorwill notattempto
usethesamestrip. After theobjecthasresened onepadfor
eachfunction it regures, it startsrespading to “standby
beacas with a “connect” messageandthe tile andobject
bothconrectthe padto theapprgriatefunction.

This procedire sound suitablefor the connetion pro-
cessas-is,butit is actuallyflawedin thatthereis noway for
discomectionto bedetectedsincethetiles do not have the
capaliity to mornitor thefundion bussesA conrectedpad
would therefae remainso indefiritely. Therefore,thefirst

thingthatanobjectmustdoafterit is conrected|s to notify
the SurfaceManager (usingits newly acquied network) of
its existenceandalsoinforming it abou thetiles andstrips
onthosetiles throghwhichit is in contact.

Furthernore,to guardagainst situationwheretile pads
areconrectedbut the surfacemanagr is notinformed,due
to bus erra, disconnetion, a maliciows object, or other
meansthetiles are madeto time out connectedstripsand
returnthemto a handshking state,unlessa conrectionis
“confirmed” by the surfacemanagr on thosestrips. In this
way, the connectims processis maderobust - the surface
manag@r mustexplicitly take resposibility for anobjectbe-
forethestripsit is usingareconfirmed.

2.12.DisconnectionDetails. In gener§ discomectioncan
be detectedn one of two ways. Firstly, it canbe detected
usinghardware-basednethod, in caseswvheredisconrec-
tion resultsin differentbehaiour to amerelyidle state.For
exanple, anincomng power line mayno longerbe driven.
Secontl, disconnetion canbe detectedising“soft” meth-
ods over a network, whereby “ping” messagesvould be
sentif no communicationoccuredover asettime,anddis-
conrectionwould be detectedf the ping were not replied
to.

While thefirst methodis by definitionfaster(it resultsin
an asynchonots notificationas soonasdisconrectionoc-
curs),on the surfaceit is not possibleto usethis metha
sincethe surface managr is potentially providing at ary
time for mary objeds all sharingaccesgo function busses,
andit would not be ableto infer the disconrectionof ary
particdar objed from thebusbehaiours. Therefore,onthe
surfaceside,the “soft” apprachmustbe taken. However,
thisdoesnotimposeoverheadnthenetworks, since“ping-
ing” only needoccurif theobjectwereotherwisedle; if the
objectwereusingthe network, the userlevel objectregis-
trar could simply spy on the pacletspassingandnotethat
thatobjectis still conneted.

On the object side, disconrection detectim could be
achieved using either method andin particularif an ob-
ject wererequestingpower as a function, this would be a
very goodcandidhtefor hardvare-basedlisconnetion de-
tection.

2.2 Differ ent Networks for Differ ent Devices

It is theaim of the Networked Surfacephysicallayer, in-
cluding thetiles andobjectcontollers, to provide “generic
wires” to thelayerabove, i.e. to provide physicaltransmis-
sion links which are generic,in the sameway that a bun-
dle of wires might be usedas a phonecable,an ethernet
cable,or a power line. The handshaing processxists to
ensurethatthe correctsurfacewires, the “function busses”,
are conrectedto the correct objectwires. This is a very



powerful feature,allowing, for exanple, re-use of exactly
the sametechndogy for a completelydifferentsetof ser
vices, for exampe a users deskmight requre a USB-like
peripheralbus, whereas corferenceroom tablemight use
the geneic wiresfor aninter-conputernetwork to connet
theusers’notetmok computers.

However, suppoting these dispardée networks raises
prablems, both at the link layer and abore. Firstly, the
surfacemanages objed registrationdaemormustbe able
to receve messagefom objectson all availablenetworks,
othewise objeds will not beableto registerandtheir pads
will time out. Secondlythe surfacemanage mustbe able
to communicateon eachof the networks it provides, and
musthave the capacityto simultaneosly hande traffic on
all thesenetworks. Finally, muchof thetraffic will notbe
for thesurfacemanagr, sothesurfacemanagr mustactas
gatavay router for all objectsonthesurface.

In orderto provide for the various possiblefunction
bussesjwo classesf functionality can be identified IP-
capale andnonP-capale. Theformerwould befor, say
notetmok compuers using the surfaceas a meansfor ac-
cessingheinternd. Thelatterwould include PDA's which
establishserial conrectionsin orderto synchonise their
cortents. Oneinterestingfeatureis that whethera partic-
ular busis marked IP-capale or non{P-capake neednot
necessarilydepead on the physical bustype. For instance,
RS-232is commanly usedfor PDA synchronisation but it
is alsousedwith SLIP asalink layerfor IP.

For IP-capdle networks, traffic mustbe transpeoted to
andfrom the IP stackon the surfacemanagr, which will
take careof thenecessaryouting

For noniP-capale links. the object simply wantsto
be conrected directly to a particular application which
“knows” how to talk to it. In orderto achieve this, the ob-
ject’s datastreamcanbe madeto appeamt a “virtual serial
port” on the surfacemanager Alternatively, by using IP
tunreling, the datastreamcould apper as a virtual serial
port on anothemachine(for examge, the physically clos-
estworkstationto the object).

3. Surface Manager Implementation

Thesurfacemanageis implenmentedasaLinux persoml
computer contairing a customPCl card,a softwaredevice
driver anda userlevel softwaredaemon

3.1 Hardware

A customPCl cardis respasiblefor sendingandrecev-
ing the datato andfrom the surface,via the contrd busto
thetiles aswell asvia thevarious databussesA block dia-
gramof the PCl cardcanbeseenn Figure5.
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3.11. PCI Card Overview. In order to be addessableon
thePClbus,abridgechipis usedwhichtranslate$*Cl bus
accessemto accessesnalocalbus. Thelocalbusconfirns
to thei960 busstandard6].

Thelocal busis masteredy the bridge chipandhasone
otherparticipant,a field programmaéle gatearray(FPGA).
This FPGA contairs the logic necessaryo interfacewith
thelocalbusand moreimportarly, one“modue” for each
implementedbus in the surface?. The FPGA configuration
isimplementedn Verilog,ahighlevel descripion langlage
for progammabldogic.

Using a dedicatedbridge chip in comhnation with an
FPGA hasthetwo adwartagesof offering a reliableimple-
mentatia for the PCI bus on oneside, while at the same
time giving maximumflexibility for theimplementationof
the logic contrdling the busseson the surface. The latter
poirt is vital to be ableto researctand compare different
codirg andframing method for the LVDS bussesaswell
asbeingableto do othermeasuements.

The FPGAalsoconnetsto the compmentsto drive the
differentbussesln the caseof the | 2C busthis circuit only
consistsof two pull-up resistors sincethe 1 2C pratocol is
entirely implemented inside the FPGA. In the caseof the
LVDS bussespnetransceier chip perbusis needed

3.12. FPGA Modules. TheFPGAdecalesa certainrange
of thei960 addessspaceandsubseqantly dividesthis ad-

2N.B. Weuse“module” to descrile thecontrollogic for onebus,asdis-
tinct from the Verilog keyword “module”, which is similar to a procedure
declaation.
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dressrangefurther into “pages” to accesghevaiious mod-
ules;upto eightmoduescanbeaddessednsidetheFPGA.

In orderto allow anefficientimplementationof the soft-
ware driver for the PCI card, all the modules inside the
FPGATfollow thesameayou.

Eachmodule consistsof threecompments.A block di-
agranm of atypical modue is shavn in Figure6.

Thefirst compmentalwayscorsistsof asmallreadonly
memay (ROM), contairning up to eightbytesof data. This
ROM describeshetypeof themodule including additioral
paraneters. If no modue is presehin a particuar page,
this ROM readsas zeros. Hence,by readirg the ROM at
thebeginning of eachpage the driver candetermire which
modules are currerly implenentedinside the FPGA and
therebrewhatfunctionsthatparticularsurfaceprovides.

The seconccommnentof the moddes thattransmitand
receve datais occuped by two first-in-first-ou (FIFO)
buffers,onefor eachdatadirection.

This compner includesthe addessesto accessthe
memaies aswell aslogic to deco@ necessargommands
relatedto the FIFOs,for exanple to clearthem,or to read
how muchspaceis left in eitherof the FIFOs. Also, the
FIFO commpnenthasthe ability to gererateinterrypts de-
perding on how full or emptythe buffersare,andincludes
logic to enableor disablethesenterryptsaswell asto spec-
ify thelevelsatwhichtheinterrugds aregererated.

The third compnent, called the “engine” compnent,
gererally consistsof one or more statemachina, respon-
sible for sendingand receving the dataon the particular
bus. Dependhg on the particularbus type this compament
varies widely in compexity.

As explained, the datatransmittingmodulescangener
ate multiple interruypts. However, our implementational-
lows only a single interryt to be raisedon the PCI bus
through the PCI bridge, and hene a specialsystemmod-
ule is neededto comhbne the interruptsfrom all the other
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ture

modules. This modue deviatesfrom the describedayout.
It doesnotrequire ary FIFOsandso,while thefirst compo-
nentagaindescribe this modue’s type, its secondccompm-
nentprovidesthe capabilityto maskinterrypts from com-
pletemoduesin acentralizedplace.

Using the modulesdescribedabore, a minimal FPGA
configuration consistsof one interrypt modue, one 12C
module for the surfacecontol bus, another 2C moduleas
databusfor low bit ratedevicesandoneLVDS-madule for
high bit ratedevices.

3.2 Software

This section covers the implemertation of software-
basedcommnentsof the Networked Surfacespraotype,
namelya Linux device driver, a Linux userlevel daema.
The link-layer arbitration and addressingboth software-
implemented)arethenpresetedin further detail.

3.21. Flexible Driver. Thesurfacemanagr softwareis in
somewaysamirror imageof thesurfacemanaerhardvare.
Whereasthe PCI cards function is to take every type of
inconing traffic andmultiplex it ontotheinterna PCl bus,
the driver software’s function is to take that genericdata,
anddeliverit to theapprgriatedestination Figure 7 shavs
ablock diagmamof the software.

In keepingwith the “gereric wires” concep, the surface
manag@r softwareis desigredto copewith ary typeof net-
worked surface. Insteadof allocatingdatastructuresfor
the precisenetworks on the pratotype PCl card, the device
driver dynamically detectsthe networks availableandsets
up structures basedon thatinformation, which is provided
in the*"ROM” commnentof eachmodule in the PCI card.
The codeand datastructureshat commuicatewith each
moduletype(12C, LVDS, etc)is termedan“engine” to mir-



rorthelike-nameé compner in thePCIFPGA,with which
it communicates.

Finally, thereis the questionof wherethe suriacedata
is transmittedo or receved from. Thisis relatedto theis-
sueof whethera busis of the IP-capalke or nondiP-capake
network type mentimedpreviously. Thesecateyaries map
neatlyinto Linux “network’ and“character” device cate-
golies,anddatastructuesfor managng theappopriateone
of these“destinatiors” areinstantiatedor eachbus on the
surface (the choiceagainbeingdictatedby the PCI ROM
“bustype”field.

3.22. Object Registration and Tile Control. In addi-
tion to the datapath outlined above, the surface marager
mustprovide contrd functiors for the surface namelyfor
tile cortrol andfor objectregistration puposes.While this
coud alsobedonein kerrel spacealongsidehedatatrans-
fer functionsof the device driver, a different solutionis to
usea userspacedaema for this pumpose,which hasbeen
termedsur f aced to bein line with standad Linux nam-
ing (e.g. nf sd, i netd). This solutionis “safer”, asthe
crashimg of auserspaceprogamdoesnot bring the system
to ahalt, memay leakscanberecoveredby closingthepro-
gram andLinux can pre-enptively multitask the daenon
with otherapplicatiors.

For tile contrd functions, sur f aced simply usesthe
PCI cards tile contrd bus, which is presentedisa Linux
chagacterdevice,to sendandreceve contiol messageom
the tiles. For objectregistration sur f aced usesioctl’'s
to bypassthe Linux networking stackwhen communicat-
ing with IP-capalbe objects,andit commuicatesdirectly
with nondP-capake objectsusing chaacterdevices. Fur-
therwork may involve the constriction of a UDP/IP inter-
facetosur f aced.

3.23. Dynamic Addressing In order for ary objectto be
usedon ary Networked Surface,a glohally unique address
will berequred, suchasthe 48-ht etherret MAC addess.
However, usinganaddressof this lengthin every pacletis
notefficient,whencorsideringhow mary objectsonecould
corceivably puton a singlenetworked surface.

Becaus@bjectsareregisteredwith the Surface Manager
immedately on connectim, this registrationprocesscanbe
usedto assigna shot “sessionaddess”to objects,which
they would useandrespondto during that period of con-
nection In the protaype system,an 8-bit addressis used.
Theobjectstill need aglobally unigue IP addresgor com-
muricationwith Interne hosts.

Whenan objectis conrectedto an IP-capale network,
thesurfacemanagerupdatests IP routing tablesin orderto
provide routing servicedor thatobject.

For objectsmoving rourd in a singlesubné, the surface
manaercanuse‘proxy ARP” methodin orderto makethe
objed “appeatl onthatsubnetsothatotherfixed hostson

thatsubné areunavarethatthereis anextra“hop” requited
to getto thatobject.

For molile objectsjt mayprove necessario useMobile
IP [7] to provide conrectivity for anobjectonaforeignNet-
workedSurfacesjn this casethesurfacemanagrwouldbe
anidealplaceto executethe “foreignagent”compnentof
Mobile IP.

3.24.B-LVDS Link Layer. As discussedn the prototype
system,high bandwidh devices (i.e. IP-capabe devices)
will usebusseemploying theB-LVDS modulaion system.
Themodulationsystemitself providesno addressin@r ar

bitration functiors. This mustbe dore in software,andis

perfamedby thedevice driver’'s B-LVDS “engine”.

The paclet format usedis very simple - a byte for the
dynamic addesslisted above, a byte for a paclet “type”,
andthenavariablenumker of databytes. Thereis no error
detection asthis is expectedto be dore at higherlayersin
theprotacol stack.

For arbitraion, various forms of implicit grantsystems,
suchascarriersensingandcollision detection(CSMA/CD)
wererejectedin favour of anexplicit grantsystem similar
to tokenbus. Thisis becasgethereis anolvious candidate
for acentralisedusmanageonNetworked Surfacebusses,
namelythe surfacemanayer, which is awareof all the par
ticipantson the bus (a highly dynanic quariity), andcan
therebreappr@riatelyassigrbandvidth.

Thismodelcompisesanexplicit grart messagé&romthe
surfacemanag@r to eachobjectin turn, to which the object
either replieswith a datapaclet, or with a “grant reply”
messagéndicating no data. This also allows the surface
managr to track disconnetion of objects,usingatimeout
for the objed to eithersenddataor a grantreply. Since
themodelinvolvespassingof thetokenbackto the surface
manag@r betweereachobject,theterm“tokenstar”is used
to describehearbitraion system.

4. Measurements

Thoudh the currert protaypeis still undergoing devel-
opnent, preliminay measurerants have beencarriedout
to validatethe practicaliity of theproposeddesign.

This sectionpresets initial measuremantsin two areas.
Firstly, the time taken for an objectto establisha conrec-
tion with the surfaceis measuredSecouly, the bandvidth
availableonthe B-LVDS databusis explored.

4.1 Connection Measurements

As explained earlier conrectiontakesplacein two dis-
tinct phasesThefirst phasdnvolvesexeaition of the hard-
shakingprotacol betweenthe tile and object contollers.
The secondphaseinvolves registrationof the objectwith
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Figure 8. Handshaking Timing Measurements
(1 cycle = 112.5ms)

the surfacemana@r. Handslakingis expectedto take by
farthelarger shareof time.

In orde to make an estimateof the expectedhandshk-
ing duratiors, it is notedthatthe tiles operaten “cycles;.
Due to the handslking protacol detailspreseted earlier
anerra-freehandhale is predictedo take threecycles.

Thecycletime is setat 1125ms,this beingthe time for
onetile to spendappoximately 4.7ns for eachof its 24
strips. The time per strip is deternined by the processing
and communicationtime demand of the praotype hard-
ware.

In orderto testthis behaiour, an objectwas placedat
variousrancm positiors onatile. Ideally, the objectwould
beplacedon the surfaceandatimer startedsimultaneosly,
however this is difficult to achieve without the use of a
mears of detectingthe placemen (suchas pressuresen-
sors).

The expetimenttherebreinvolved placingan objecton
the surface, but disablinghandshking until a button was
pusted. The useof a button allowed a timer to be started
simultane@uslywith handshaikg.

Two timesweremeasuredor eachcomection:thetime
from the button pressto a comgeted handhale, and the
time from a completedhardshale until registration was
compete. Ten measuremas were taken for eachof five
rancdbm object placemets on the surface, giving a total
samplesizeof fifty.

Figure 8 shawvs a histogam of the handshking times,
given in termsof tile cycles. Thetimesof the registration
phaseis not shavn, asit wasconsistentlymeasued belov
7ms,andtherefae playslittle partin deternining the con-
nectiontime.

As expectedmostconnetionstake placewithin threecy-
cles.Somerequre oneadditiona cycle, possiblydueto bit

erross during hanaghaking
Thereis alsoandher groy of conrectionswhich is es-
tablishedin arourd 7 cycles. Thereis no obvious explara-
tion for this groyp; furtherinvestigdion is necessary
Thekey resultof thesemeasurermantsis thatin over80%
of caseghe objectwas conrectedin unde half a second,
whichis notasignificantdelayasperceved by humars.

4.2 B-LVDS Data Rate Measurements

Testswerealsodonein orde to obtainpreliminay mea-
suremets of the available bandvidth of a B-LVDS data
chanrel.

For various dataratesfrom 1 Mbit/s to 2.8 Mbit/s, ping
paclets of different sizeswere sentbetweenthe managr
andanLVDS object. 100 pingsweresentfor eachexperi-
ment,andthe averag ping time wasrecordd. Theresults
areshovnin Tablel.

Bit Rate | PacketSize | % Packet | AveragePing
(Mbit/s) (bytes) Loss Time (ms)
1 80 0 1.9
1 530 0 10.1
1 200 0 38.4
2 80 0 1.2
2 530 100 n/a
2.8 80 0 1.0
2.8 530 100 n/a

Table 1. Bandwidt h Experiment Results

The caseswithout paclet loss shawv thatthe datachan-
nelandprototype hardvwarecope adeqatelywith thesedata
rates.However, thereareexperimentalfailuresfor 530byte
pacletsat 2 Mbit/s and2.8 Mbit/s, which canbe explained
with a closerlook atthe currert objectpratotype.

The objectconsistsof a laptopusinga PCMCIA digital
I/O cardto createa bidirectionalinterfaceto the objectpad
contoller. This introducesa bottleneg, in thatthe PCM-
CIA interfaceusedhasbeenfound to be unableto keepup
with LVDS bus speeddigherthan1Mbit/s. This wascon-
firmed by examining the log files for the PCMCIA driver,
whichshavs“FIFO empty”errorsfrom theobjecthardvare
during thelossyexpeiments.

However, small paclets were transmittedwithout ary
prodem, becausethe LVDS object hardvare includes a
FIFO to buffer paclets,whichis currerlly 127 bytes. This
allowedthe small pacletsto be written completelyinto the
hardvareatthe startof eachtransmission.

Higherbandvidthswerenotexploredbecausef anotter
bottlereck, in thatthe objed contwoller hardvare doesnot
include an oscillatorfastenoud to receve dataat speeds



over 2.8Mbit/s. Both of thesebottleneck arethe subjectof
furtherimprovemerts.

In summay, theseresultsshav thattheLVDS datachan-
nelcansuppat bandvidthsof atleast2.8 Mbit/s withoutin-
troducingsignifican bit errass (i.e. therewereno bit erra's
in 8000bytesof datasentat 2.8Mhit/s duiing this experi-
ment) Theresultsalsoconfirmthat prototype hardware is
currently subjectto bottlereckspreventinggeneralusageat
ratesover 1 Mbit/s.

5. Conclusions

Networked Surfaces provide mokle networking and
power withou the useof wiring or radio. They offer the
useranintuitive and consistentway of conrectinga broad
range of devices, while simultaneasly providing location
informationaboutthe conrecteddevices.

Devicesconrectto the Networked Surfaceby negotiat-
ing with autoromoustiles using a handshking protacol,
andsubsequety registerirg their presene with a Surface
Manager. The SurfaceManageractsasbridgefrom the de-
vicesto the internet, arbitratingaccesgo the high speed
databussesusingthe “token star” schemepresented The
Surface Managelis implementedasa Linux PC contairing
a customPCl card, a kerneldevice driver anda userlevel
daenon.

Thisimplementéion offersaflexible testbedfor contin-
uedresearchnto issuesrom physical layer modulationto
transpat layerhandlirg of frequent disconrections.
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