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Abstract—As more wir elessdevicesbecomeavailable and new applica-
tions emerge for thesediverse gadgets,there is an increasingneed to in-
telligently adapt existing services(e.g., Web browsing, video streaming) to
them. Adaptation is neededdue to heterogeneousand vastly differing ca-
pabilities in hardware, software, and network connectivity. We arguethat
existing services should remain unmodi�ed and a automatically created,
adaptive, distrib uted service proxy architecture with properties of fault-
tolerance,composability is necessaryfor creating truly mobile servicesus-
ing a collectionof devices.Thesedevicesform a deviceensembleor a virtual
device. We demonstrate feasibility of such an architecture basedon our
previouswork in wide-areaservicecomposition[1].

I . INTRODUCTION

Today, thereexists a spectrumof deviceswith differentnet-
working, hardware, and software capability. At one end of
thespectrumaresmallmobiledeviceswith relatively poornet-
work connectivity, low computationalpower, limited memory
and battery supply. Examplesare various PDAs (e.g., Palm
andiPAQ Pocket PC),pagers,smartdustmotes[2], andcellular
phones.At the otherendof the spectrumexist morepowerful
devicessuchasdesktopmachines,laptopcomputers,andpublic
kiosks. Thereis an inevitable mismatchbetweenexisting ser-
vicesanddevicesin theformergroup.To accessaserviceusing
sucha device, the currentmodelof serviceadaptationneither
scalesnorenablesrapidservicedeploymentdueto themodelof
vertical integration.WAP [3]-enabledcell phones,for example,
requiresWebpagesto beencodedin WML beforethey canbe
displayedfor smalldevices.Reencodingall existingWebpages
usingWML is an impossibletask. Furthermore,sucha solu-
tion is not generalbecausefuture hand-helddevicesmay have
completelydifferentdisplayandrenderingcapabilities,thusre-
quiringdifferentlevelsof transcoding.Weproposeadistributed
proxyarchitecture(Figure1) thatrecon�guresitself ondemand
to adaptexistingservicesto any accessdevice.

Ourwork is alsomotivatedby theavailability of a largenum-
ber of heterogeneousdevices using potentially different net-
works.Oneclassof devicesis personaldeviceslikecell phones
andpagers.Anotherclassis infrastructuredevices,e.g.,pub-
lic kiosk displays,terminalsat coffee shops. Eachdevice has
strengthin certain types of applications. For example, cell
phonesaregoodfor low latency, reliablevoicechannel.Tradi-
tionally agivenserviceis targettedatonedeviceatatime. How-
ever, usersmayreceivebetterserviceif anumberof devicesare
simultaneouslyusedwith the contentsplit amongthemappro-
priatelydependingcapabilitiesof individual devices. Basedon
thepropertiesof eachdevice,usersmayalsowish to usemulti-
pledevicesastheI/O channels.For example,thedisplayscreen
of a cell phoneis ratherlimited in sizeandresolution. A user
in thevicinity of a largeprojectorscreenmaydecideto handoff

thevideostreamto thelargerscreenwhile continuingusingthe
cellphonefor theaudiooutput.Similarly, usersmaywish to use
their PDAs asa input device ratherthanthe touchscreenof a
crowdedpublic kiosk. Ubiquitousnetwork connectivity should
enablea serviceto be controlledby a collectionof devicesat
any given time. Suchinteractionshouldenableservicemobil-
ity acrossdevicesasuserschooseto receive servicecontenton
differentdevicesasthey becomeavailable.

Even thoughwirelessdevicesmay not have continuousnet-
work connectivity dueto thelimited coveragearea,somewire-
lessdevicesmay have multiple network interfaces.For exam-
ple, a laptopcomputermayusea Ricochetmodemat onetime
anda 802.11inbuilding network at anothertime. Thus,to hide
temporarynetwork disconnectivity andpotentialchangesin IP
addresses,theserviceinfrastructureneedsto providesupportfor
servicesessionhandoff. Ourproposedarchitectureaimsatsolv-
ing this problemto provide true servicemobility acrossdiffer-
ent networks. Our architecturediffers from previous solutions
in providing multi-device serviceaccess,mobility support,and
handoffs acrossdevices.

Fig. 1. UniversalServiceAccess:This �gure demonstratesourvisionof ubiq-
uitousserviceaccess.

I I . MOTIVATING SCENARIO

We describeour motivatingscenariothatdrivesthedesignof
our system.Alice wakesup in themorningandis remindedby
herPalmthattodayis hermother'sbirthday. She�res upavideo
conferencesessionto wish her Mom happy birthday. Shesits
down in front herdesktopmachinewith anattachedWebcamera
andpicksup herhomePSTNphonewhich ringsassoonasher
Mom answers.Thevideostreamis automaticallydirectedto the
largedesktopPCmonitor. During thevideoconferencingcall,
sheis remindedagain by her Palm that sheis runninglate for
anappointment,thusshepushesthebuttonon herhomephone
to transferthecall sessionto hercell phone.Shealsotransfers
thevideostreamsto herPalmwith CDPDnetwork connectivity.
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SinceCDPD hasa muchlower bandwidth,the imagesizeand
quality is automaticallyreduced.Thevideoinput is receivedby
thecameraattachedto thePalm. After completelytransferring
the video conferencesession,Alice walks into her garageand
getsinto her car equippedwith a car cell phoneanda CDPD
network interface.Sheputson theheadphonesetanddocksher
cell phoneto transferthecall sessionto thecarcell phone.The
video streamis thenautomaticallyredirectedto the dashboard
displayscreen.

Later in the day, Alice goesto the shoppingmall to buy a
watchasa birthdaygift. She�rst walks up to the information
kiosk consistingof a large LCD �at paneldisplay connected
to a PCwhich is in turn connectedto theserver backendof the
shoppingcentervia anIP network. Theshoppingcenterhasvar-
iousindoorcell phonebasestationsfor differentcellularphone
standardssuchasAMPS, CDMA, GSM, etc. As soonasAlice
stepsinto theshoppingcenter, hercell phoneregisterswith the
indoor basestation. Now, Alice is standingin front of a kiosk
which displaysa simplenumber– *136. The number136 in-
dicatestheactuallocationof kiosk. Alice choosesto dial *136
from the cell phoneratherthanwaiting for the courtesyphone
to beavailable.Then,themainmenuof thehelpsystempopsup
on thedisplayof thekiosk. Alice caneitherusethekeypadon
her cell phoneor speakdirectly into the phoneto navigatethe
help systemand�nd a list of storesandtheir locationswithin
the mall. Alice thenhasa choiceto downloadthesedataonto
hercell phoneor PDA throughanIR connection,obtaina hard
copy of thedatausinga printerattachedto thekiosk,or simply
storethevoiceinstructionson theserverof themall.

I I I . DESIGN GOALS

To supporttheabove scenario,we proposea distributedser-
viceproxyarchitecturewith thefollowing designgoals.
� SeamlessHandoff acrossDevices: To provide supportfor
usermobility, network variations,usersfrequentlyneedto hand-
off a servicesessionfrom oneor moredevices to anotherset
of devices. Our serviceproxy systemmust supportpolicy-
based,user preference-driven handoffs acrossdevices seam-
lessly– with minimal servicedisruption.Thehandoff decision
is mostly initiated by the userwho may decideto receive ser-
vice on a differentsetof devices. However, the proxy system
alsoautomaticallyredirectsthedatastreamto a differentsetof
deviceswhenneeded.Thisoccursin two scenarios:Any device
currently receiving servicecontentbecomesdisconnecteddue
to network congestionor lack of network coverage,or another
device with bettercapabilityas speci�ed by user's preference
andpolicy becomesavailableto receive servicecontent. Such
handoffs shouldoccurwith little noticeableoverhead.
� Device Ensemble: Ratherthanusinga singledevice to re-
ceive theservicecontent,usersmaywish to usea collectionof
devices(i.e. a DeviceEnsemble) to accesstheservicebasedon
device propertiessuchaspower consumption,displaysize,net-
work connectionspeed.Similarly, thedevice ensemblealsoen-
ableusersto usedifferentmodes(e.g.,speech,text menu)from
potentiallydifferentnetworksto accessservices.Our proxy ar-
chitecturemustachieve multi-modalserviceaccess.
� Automation: Thecreationof datapathfor theadaptationof
servicecontentto heterogeneousdevicesshouldbeautomated.

Thecapabilitynegotiationbetweendevicesandservicesfor the
purposesof selectingthedeviceensembleto receive theservice
contentandfor device handoffs alsooccurswithout userinter-
vention.
� Transparency: Theproxy systemmustbecompletelytrans-
parentto the legacy servicesandincur minimal changesto the
clientapplications.
� Quality of ServiceGuarantees:For a largeclassof latency-
sensitive, real-timeapplications,the infrastructuremustdeploy
variousmechanismsto reducelatency, jitter andoptimizequal-
ity of service.
� Fault-tolerant Service Composition: ServiceComposition,
similarto Unix pipeline-likechainingmeansthataservice'sout-
putdatafeedsasinput to anotherservice,which in turnmayget
input from morethanoneservice'soutputdata�o w. As aresult,
the functionalityof theservicesarecomposed. Whenmultiple
servicesarecomposed,the composedserviceshouldbe robust
againstprocess,machine,andnetwork failures.
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Legend:

Redirection Proxy

Connector

Data Path created by APC Service

Fig. 2. APC Proxy System:This �gure shows theAPC ProxySystem's main
architecturalcomponents.

IV. DESIGN

A. APCProxySystem

We proposea distributedserviceproxyarchitectureshown in
Figure 2 to achieve theabovedesigngoals.Wenameourproxy
architectureAPC (AutomaticPath Creation)Proxy System, for
it automaticallycreatesthe data�o w betweena serviceanda
deviceensemble.Below wedescribevariousarchitecturalcom-
ponentsandimportantdesigndecisions.

IP-basedCore: We useIP network astheunifying corenet-
work for integratingvariousnetworksto whichservicesandde-
vicesareconnectedto (e.g.,Pager, cellular, andSatellitenet-
works). The reasonfor Internet-basedintegration is the fol-
lowing. Internethasanopenservicemodelallowing rapidcre-
ationanddeploymentof proxies.Internethasa well-developed
client-proxyservicemodel. Componentscanbe incrementally
deployed andscaled,becausecomputationalresourcesarerel-
atively inexpensive given incrementallyscalablecomputeclus-
tersof commodityPCs.

APC Redirection Proxy: To achieve seamlesshandoffs
acrossdevices and servicemobility acrossnetworks, we cre-
atea light-weightredirectionproxy for eachserviceanddevice
ensemble.It receivesall outgoingdatafrom theserviceor de-
vice. All incomingdatato theserviceor devicealsocomesfrom
theredirectionproxy. If adevice is powerful enough,thedevice
redirectionproxy canlive directly on thedevice handlingall its
incoming and outgoingconnections.The primary purposeof
APCredirectionproxy is to enabletransparentdatastreamredi-
rection for servicesessionhandoffs acrossdevicesanddevice
network interfacechanges.
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Anothergoalof APCredirectionproxyis to providetransport
level adaptation.For instance,datamaybeencodedusingfor-
warderrorcorrection(FEC)codesto achieveerrorresilienceon
wirelesslinks. FECdecodingis doneon thedevice redirection
proxybeforedeliveringdatato theclient. Similarly, databuffer-
ing, prefetching,caching,and retransmissionare also usedto
optimizeperformance.To determinewhich optimizationmech-
anismis needed,theproxy monitorsthepacket lossrate,jitter,
and delay. It then selectsa set of adaptationsfor optimizing
QoS.

APC Gateways: APC gateways are machinesin compute
clustersthatprovide interfacebetweenIP network andanother
network. For example,GSM-IP gateway is a gateway that in-
terfacesa GSM network to the Internet. Any non-IPnetwork
requiresa gateway for integratingdevicesfrom heterogeneous
networks.

Transformation Operators and Connectors: To handle
dataformat and capability mismatchbetweena serviceand a
device, transformationof dataand protocolsis performedbe-
tweenthe device andserver redirectionproxy. We de�ne two
abstractions:operatorsandconnectors.An Operator hasclearly
de�ned input andoutputtypesandis only responsiblefor com-
putation. It is agnosticof theactualtransportmechanismused
by a connectorfor delivery to the user. A Connectoris an ab-
stractionof the ADU transportmechanismbetweentwo oper-
ators. This abstractionencapsulatesvariouspropertiesof the
transportsuchasreliability, orderof delivery, anddrop policy.
The key advantageof this abstractionis that a connectorhides
thepotentialdifferencesin network protocolsfrom theoperators
andallows themto communicateaslongastheoutputdatatype
of the downstreamoperatormatchesthe input datatype of the
upstreamoperator.

APCProxySystemsupportsfour typesof operatorsclassi�ed
accordingto its functionality. Variousoperatorpropertiessuch
asinput, outputtype,classi�cation,etc. areencapsulatedusing
XML to facilitateautomatedpathdiscovery.
� Data Format Translation Operators. This typeof operator
performsconversionsbetweendifferentdataformats(e.g.,GIF
to JPEG,PCMto GSM,powerpointto HTML).
� Protocol Conversion Operators. Theseincludetranslation
betweendifferent securityprotocols. For example,an opera-
tor that convertsbetweentheheavy-weight securityhandshake
protocolsuchasSSL to simpleshared-key encryptionandde-
cryptionfalls into thiscategory.
� Content Transformation Operators. This type of operator
�lters or aggregatesthe informationproducedby the previous
operator. Anotherexamplewould bea languagetranslationop-
eratorfromEnglishto Chinese.or anoperatorgivingasummary
of aparagraph.
� Optimization Operators. This category of operatorsdoes
not changethesemanticcontentof thedata.Instead,they mod-
ify the propertiessuch as data size and security guarantees.
Thesecan be lossy or losslesscompressionoperatorsto opti-
mizebandwidthusage,encryptionoperators,andFECoperators
to lower dataerror rate. Thetradeoff of addingtheseoperators
is improvedresourceutilization but moreoperationcomplexity
andpotentiallyincreasedlatency.

To handletheI/O mismatchesbetweenlegacy operators(any

existing software),we createa high performanceconnectorli-
brary to convert differentI/O methods(e.g.,�le, network, disk
I/O). Sucha library altersthebehavior of communicationproto-
col of legacy operatorstransparently.

APC Service:
Data Path Creation: APC serviceis a wide-areaclusterser-

vice that automaticallyconstructsa the datapath (a chain of
operatorsjoinedby connectors).Givenapplication-speci�cop-
timizationmetrics,APC �nds anoptimalsequenceof transfor-
mationpathby conductingthe shortestpathsearchon a graph
modelingthe spaceof operators.Optimality is determinedby
theapplicationmetric.Any vertex of thegraphdenotesadataor
protocolformat. Eachedgerepresentsan operatorperforming
the translationbetweenthe two formatswith a valuedenoting
the costof operation.Using Dijkstra's shortestpathsearchal-
gorithm,therunningtimeis O(E logV), whereV is thenumber
of verticesin thegraph,andE is thenumberof edges.

Computation Placementand Migration: APC providesa
wide-areaComputationDistributionNetwork(ComDN)for pur-
posesof making intelligent operatorplacementand migration
decisions.Analogousto ContentDistribution Network(CDN)
like Akamai,a ComDNdistributesthecomputationratherthan
contentfor betterperformance,accesslatency, androbustness
to failures.Moreover, it alsodynamicallyrelocatesthecompu-
tationduringa servicesessionwhenperformancebecomesun-
acceptable.For example,whenthenetwork becomescongested
betweentwo operators,APC relocatesoneof themsothatdata
pathcanavoid suchnetwork bottleneck.

A ComDNconsistsof computeserverswhereoperatorsexe-
cute. It keepstrack of existing runningoperatorinstancesand
monitorsthe load of computeservers. For load and network
monitoring,it deploys a wide-areamonitoringservice, combin-
ing techniquesof bothpassiveandactivemonitoring.It collects
bothapplication-speci�candapplication-independentmeasure-
mentsin asoft-statebaseddistributeddatabase.

ComDNdecideswhich operatorinstancesto usefor a partic-
ular datapathandon which computeserversto placedynami-
cally createdoperators.This decisionis basedon the network
andserver load,locationsof input datasourcesandoutputdata
sinks,andoverheadof pathcreation.Application-speci�cQoS
metrics(e.g.,latency, throughput,imageresolution,etc.) is used
to determinethebestlocation.

Not only is ComDNresponsiblefor computationplacement,
it alsomakesoperatormigrationdecisions.In atranscodingdata
path,computationsareofteneasilyrelocatabledueto soft state
natureof theoperation.For thisclassof statelessoperators,their
locationsarenot �x ed in the network andcanbe changedfor
thepurposeof performanceenhancement.For example,during
a real-timeservicesession,the network and server load may
increase,resultingin unacceptablelatency. Thiscanalsooccurs
dueto servicehandoff to a device usinga differentnetwork, or
dueto roamingof high-speedmobileusers.

During runtime, the monitoringserviceof ComDN noti�es
the APC Servicewhen the datapathperformancegoesbelow
the acceptablethreshold. APC constructsa new datapathby
migratingcomputationstateof existingoperatorsto othernewly
selectedcomputationsitesby ComDN. Eachoperatorhasap-
plicationspeci�c servicesessionstatewhich areto beencapsu-
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latedandsentover to the new location(e.g.,cookiesfor Web
browsing, transcodingparametersfor datatransformation).In
addition to operatormigration, APC also performsautomatic
insertionanddeletionof computationin the datapathto adapt
to changesin serverandnetwork load.

Proactive Adaptation to Resource Variations: Here we
generalizethe techniquesAPC usesto adaptto dynamic re-
sourcevariationsduringa pathexecution.Frequentlyendusers
mayexperiencedegradedperformanceof theservicedueto dy-
namicchangesin network conditions,e.g.,suddendropin band-
width due to network congestion,or other resourcessuchas
computationalcyclesandmemoryspace. Thereis a needfor
applicationsto adaptto dynamicchangesin availableresources
to optimizeuser's perceivedquality of service.We de�ne three
ways to adaptto changesin resources.Theseadaptationsare
performedonly after theeffect hasbeenobservedto persistbe-
yonda thresholdamountof time, sincereactingto transientre-
sourcechangesresult in unjusti�ed overheadandinstability of
thesystem.

� Application-intelligent adaptation
Theapplicationis powerful enoughto do its own adaptationto
resourcechanges.For instance,RealAudiocombinesmultiple
streamsencodedfor differentbit ratesinto asingleclip, andRe-
alVideo usesa singlecodecto encodedatafor all bandwidths.
During runtime,theaudioandvideostreamsdynamicallyadapt
to changesin bandwidths[4]. In this case,APC should di-
rectly take advantagethe applicationadaptationmechanismin
thecomposedpath.
� Application-speci�c adaptation
Theapplicationprovidesmechanismsfor dynamicadjustment,
but doesnot do so automatically. For instance,for bandwidth
adaptation,therearedifferent instancesof the samecodecin-
tendedfor differentbit rate.A codecmaybeerror-resilient,but
needsto be noti�ed of the currenterror ratethrougha control
channel.In this case,APC is responsiblefor monitoringthere-
sourcechangesandproviding the feedbackto the applications
to enabledynamicadaptation.
� Application-independentadaptation
If thereis a lack of knowledgeof the underlyingimplementa-
tion of the application,APC treatsit asa black box anddoes
application-independentadaptation. For instance,to adaptto
high packet lossrate,forwarderrorcorrection(FEC)andcom-
pressionoperatorsareinsertedfor betterdatathroughput.FEC
canalsovarytheamountof redundancy basedonthepacket loss
rate.

Combinationsof the above approachesareused. Given the
application-speci�coptimization criteria, APC strives to cre-
ateservicecompositionsthatbestutilize network andcomputa-
tional resourcesto achieve theoptimaldesiredQoS.Optimized
resourceutilizationanddifferentiatedQoSareenabledby ourit-
erativedatapathconstructionprocesswith continuousfeedback
andclearspeci�cationof optimizationmetrics.

B. APCProxySystemControl Signaling

To realizeour motivatingscenarioin SectionII, we now de-
scribethe control signalingto enableseamlessserviceaccess
usingadeviceensemble.

Device Discovery: As partof theAPC ProxySystem,there
is a local-areadevice registrywhichkeepstrackof availablede-
vices,their propertiessuchasownership,computepower, bat-
tery life, memory, etc. It usesa IP multicastchannelto dis-
cover any new devices in the local areanetwork. If devices
arebluetooth-enabledor haveacommonnetwork interface,they
candiscovereachotheranddirectlyreporttheirneighborsto the
device registry.

Capability Negotiation: Whena userrequestsa serviceus-
ing a device ensemble,the redirectionproxy of eachdevice is
contactedwhich performsa capabilitynegotiationbetweenthe
requestedserviceandthedevice ensemble.Usingthe informa-
tion from thedevice registry, it determineswhich setof devices
arebestsuitedfor receiving theservicecontentandhow theser-
vice shouldbe bestdelivered. It then makes a datapath cre-
ation requestto the APC Service. This decisionis performed
by examiningthepropertiesof eachdevice. For instance,a cell
phoneprovidesa relatively low-latency, reliablevoicechannel.
It is easyfor punchingin menukeys. Its coverageis almost
ubiquitous.However, it hasvery limited screendisplaysizeand
hasrelatively low batterylife. Thus,a cell phoneis usefulas
a voice-basedor key-basedcontrol channeland audio output
channel. In contrast,a desktopPC hasmuchmorecapability
in memory, computepower, anda higher�delity graphicaldis-
play. Nevertheless,it is not mobile. Thus,it is usefulfor video
displayonly whenauserintendsto stayin a �x edlocation.

Interaction with a DeviceEnsemble:Onepotentialproblem
of utilizing a collectionof devicessimultaneouslyis that syn-
chronizationmaybenecessaryamongthedevices.For instance,
if audiois deliveredto thecell phoneandvideo is streamedto
the desktopPC, it is easyfor datato get out of sync. We pro-
posethat the redirectionproxiesperiodically sendeachother
sequencingmessagesto resynchronize.Thesemessagescanbe
application-level sequencenumbersof simply RTP timestamps
if RTP is usedasthetransport.
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Fig. 3. Device handoff: This �gure demonstratesour scenarioof handinga
videoconferencesessionfrom aPSTNphoneandaPCto aGSMandPalm
Pilot. Dashedlinesrepresentdatastreamsafterthehandoff.

Policy-basedHandoff: A handoff canbeeitherinitiatedby
the useror suggestedby the APC Service. The latter caseoc-
curs when device receiving the servicebecomesdisconnected
or overloaded.We now stepthroughthescenario(Figure3) of
Alice handingoff thevideoconferencingsessionwith herMom
from herhomePSTNphoneandPCto herGSMcell phoneand
Palm Pilot. Alice �rst dials #C to indicateher wish to hand-
off her conversationto her cell phone. The redirectionproxy
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receivesthecontrolsignalfor handoff andlooksup theAlice's
cell phonenumberin the device registry. It contactsthe APC
Serviceto createa new datapathto a differentendpoint – cell
phone. It thendials the numberthroughthe GSM-IP gateway.
As soonasAlice picksup hercell phone,theredirectionproxy
immediatelyredirectsthevoicedatastreamof thepathcreated
by APCto thecell phone.During thehandoff, theproxybuffers
someaudiodataandreplaysthemto minimize the disruption.
To handoff thevideostreamof session,Alice selectsthecorre-
spondingmenuon herdesktopPCto indicateherwish to hand-
off to herPalm Pilot with CDPDconnectivity. Thedevice redi-
rectionproxyrequestsAPCto build anew datapathto thePalm
Pilot. APC automaticallyinsertsa distillation proxy to reduce
videoimageresolutionandsize.After receiving thedatastream,
theproxy redirectsthedatato thePalmPilot.

C. Modi�cations to ClientandServerApplications

The APC Proxy Systemis entirely transparentto services.
Thereis no needfor modi�cation on the server side. To use
theAPC proxy service,devicesneedto provide a handoff reg-
istry userinterfacewhich allows usersto selectto which other
devicesto handoff theservicesession.Thelist of availablede-
vicesis availablefrom thelocal areadevice registry. Thehand-
off registry directly contactsthe device's redirectionproxy for
performinghandoffs. Clientapplicationsneedto bewrappedby
asimplewrapperservicethatredirectsall communicationto the
outsideworld to theclient redirectionproxy. Therearenoother
changesneeded.

V. DEVELOPMENT STATUS

As partof the ICEBERGproject[5] we have alreadyimple-
mentedhandoffs of telephoneconversationacrossPSTN,GSM,
desktopIP phones. We have also built GSM-IP gateway and
have createdsimple servicessuchas readingnews headlines
from the New York Time on a GSM cell phoneand use the
cell phoneto sendvoice commandsto control A/V equipment
of a smartroom. We have built a prototypecluster-basedAPC
Servicefor wide-areaservicecomposition.Existingcomposed
serviceapplicationsinclude listening to MP3 songson a cell
phone,watchingareal-timeMPEG-1transcodeddatastreamon
a RealPlayer. We have anextensive collectionof operatorsdo-
ing conversionof variousaudioandvideoformatsandbetween
text andspeech.As partof theAPCProxySystem,wehaveex-
periencein providing mobility supportusingadaptive FECand
datastreamredirectionfor wirelessclientswho maychangeIP
addressesduringa real-timeservicesession.

VI . RELATED WORK

Therearea few areasof relatedwork. Herewe brie�y exam-
ine themanddiscusshow ourwork distinguishesfrom them.
� Transformational proxies: Our work is heavily in�uenced
by theTACC [6] programmingmodel;however, TACC focuses
onthelasthopissueandis limited to asingleproxyarchitecture.
Conductor[7] remediesin this regard,but doesnot addressis-
suesof dynamicinsertion,deletion,and migration of proxies
to adaptto server and network load variations. Furthermore,
Conductordoesnotprovidemobility supportor handoffs across
devices.

� Handoffs: Our work hasbene�tted from ideasof projects
thatprovide policy-basedhandoffs betweennetworks(i.e. Ver-
tical Handoffs [8]) andbetweencells in a singlenetwork (i.e.
HorizontalHandoff [9]). We extendthis ideato handoff across
deviceswhichencompassbothof thesetypesaswell ashandoff
of servicesession.
� Mobility support: Mobile IP [10] provides a solution for
dealingwith IP addresschangesatthenetwork layerlevel where
theHomeAgentkeepstrackof thecurrentlocationof themobile
user. Thisapproach,similar to IP Multicast,requireschangesto
the IP network andhencecanbevery dif�cult to deploy. Sno-
erenandBalakrishnan[11] proposestheadditionof a TCPmi-
grateoption to migrateopenTCPconnections.Their approach
requiresaddinga TCPoptionwhich requirestheinstallationof
a new TCPstackon boththeclient andserver. Instead,we pro-
posea solutionat theapplicationforwardingproxy level where
the IP addressesareallowed to change.Our approachrequires
neitherchangingthe IP layernor theTCP layer. This is possi-
blebecauseAPChascompleteknowledgeof theentirenetwork
path.

VI I . CONCLUSION

In summary, thecontributionsof our APC Proxy framework
aretheconceptof deviceensembleallowing mult-deviceservice
access,automateddatapathcreationfor contentadaptation,run-
time resourceadaptationusing computationrelocation,inser-
tion, anddeletion,andseamlesspolicy-driven handoffs across
devices to supportusermobility. Most importantly, all of the
abovegoalsareachievedtransparentto existingservicesandim-
posingminimaloverhead.
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