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Abstiact— As more wir elessdevicesbecomeavailable and new applica-
tions emerge for thesediverse gadgets,there is an increasingneedto in-
telligently adapt existing sewices(e.g, Web browsing, video streaming) to
them. Adaptation is neededdue to heterogeneousand vastly differing ca-
pabilities in hardware, software, and network connectvity. 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 sewicesus-
ing a collection of devices. Thesedevicesform a deviceensembleor a virtual
device. We demonstrate feasibility of such an architecture basedon our
previouswork in wide-areaservice composition[1].

|. INTRODUCTION

Today thereexists a spectrumof deviceswith differentnet-
working, hardware, and software capability At one end of
the spectrumaresmall mobile deviceswith relatively poor net-
work connectiity, low computationalpower, limited memory
and battery supply Examplesare various PDAs (e.g., Palm
andiPAQ Poclet PC),pagerssmartdusmotes[2], andcellular
phones.At the otherend of the spectrumexist more powerful
devicessuchasdesktopmachineslaptopcomputersandpublic
kiosks. Thereis an inevitable mismatchbetweenexisting ser
vicesanddevicesin theformergroup. To access serviceusing
sucha device, the currentmodel of serviceadaptatiomeither
scalesorenablesapidservicedeploymentdueto themodelof
verticalintegration. WAP [3]-enabledcell phonesfor example,
requiresWeb pageso be encodedn WML beforethey canbe
displayedfor smalldevices.Reencodingll existing Webpages
using WML is animpossibletask. Furthermore sucha solu-
tion is not generalbecausduture hand-helddevices may have
completelydifferentdisplayandrenderingcapabilitiesthusre-
quiring differentlevels of transcodingWe proposea distributed
proxy architecturgFigurel) thatrecon guresitself ondemand
to adaptexisting servicedo ary accesslevice.

Ourwork is alsomotivatedby the availability of alargenum-
ber of heterogeneousevices using potentially different net-
works. Oneclassof devicesis personabeviceslike cell phones
and pagers. Another classis infrastructuredevices, e.g., pub-
lic kiosk displays,terminalsat coffee shops. Eachdevice has
strengthin certain types of applications. For example, cell
phonesaregoodfor low lateng, reliablevoice channel. Tradi-
tionally agivenservicels tamgettedatonedevice atatime. How-
ever, usersnayreceie betterserviceif anumberof devicesare
simultaneouslysedwith the contentsplit amongthemappro-
priately dependingcapabilitiesof individual devices. Basedon
the propertieof eachdevice, usersmayalsowish to usemulti-
ple devicesasthel/O channelsFor example thedisplayscreen
of a cell phoneis ratherlimited in sizeandresolution. A user
in thevicinity of alargeprojectorscreermaydecideto handof

thevideostreamto the largerscreerwhile continuingusingthe
cellphonefor theaudiooutput. Similarly, usersmaywishto use
their PDAs asa input device ratherthanthe touch screenof a
crowvdedpublic kiosk. Ubiquitousnetwork connectvity should
enablea serviceto be controlledby a collection of devices at
ary giventime. Suchinteractionshouldenableservicemobil-
ity acrossdevicesasuserschooseto receve servicecontenton
differentdevicesasthey becomeavailable.

Even thoughwirelessdevices may not have continuousnet-
work connectvity dueto thelimited coveragearea,somewire-
lessdevices may have multiple network interfaces. For exam-
ple, a laptopcomputemay usea Ricochetmodemat onetime
anda 802.11inbuilding network at anothertime. Thus,to hide
temporarynetwork disconnectiity and potentialchangesn IP
addressesheserviceinfrastructureneedgo provide supportfor
servicesessiorhandof. Ourproposedrchitectureaimsatsolv-
ing this problemto provide true servicemobility acrossdiffer-
ent networks. Our architecturediffers from previous solutions
in providing multi-device serviceaccessmobility support,and
handofs acrosdlevices.
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Fig. 1. Universal Sewice Access:This gure demonstratesur vision of ubig-
uitousserviceaccess.

Il. MOTIVATING SCENARIO

We describeour motivating scenariadhatdrivesthe designof
our system.Alice wakesup in the morningandis remindedby
herPalmthattodayis hermothershbirthday She res upavideo
conferencesessiorto wish her Mom hapyy birthday Shesits
downin frontherdesktopmachinewith anattachedVebcamera
andpicksup herhomePSTNphonewhich ringsassoonasher
Mom answersThevideostreams automaticallydirectedto the
large desktopPC monitor. During the video conferencingeall,
sheis remindedagain by her Palm that sheis runninglate for
anappointmentthusshepusheghe button on herhomephone
to transferthe call sessiorto hercell phone. Shealsotransfers
thevideostreamdo herPalmwith CDPDnetwork connectvity.



SinceCDPD hasa muchlower bandwidth,the imagesizeand
quality is automaticallyreduced Thevideoinputis receved by
the cameraattachedo the Palm. After completelytransferring
the video conferencesessionAlice walks into her garageand
getsinto her car equippedwith a car cell phoneanda CDPD
network interface.Sheputson the headphonsetanddocksher
cell phoneto transferthe call sessiorio the carcell 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 aPCwhichis in turn connectedo the sener baclendof the
shoppingcentervia anlP network. Theshoppingcentetasvar
iousindoor cell phonebasestationsfor differentcellularphone
standardsuchasAMPS, CDMA, GSM, etc. As soonasAlice
stepsinto the shoppingcenter her cell phoneregisterswith the
indoor basestation. Now, Alice is standingin front of a kiosk
which displaysa simple number— *136. The number136 in-
dicatesthe actuallocationof kiosk. Alice choosego dial *136
from the cell phoneratherthanwaiting for the courtesyphone
to beavailable. Then,themainmenuof thehelpsystenpopsup
onthedisplayof thekiosk. Alice caneitherusethe keypadon
her cell phoneor speakdirectly into the phoneto navigatethe
help systemand nd a list of storesandtheir locationswithin
the mall. Alice thenhasa choiceto downloadthesedataonto
her cell phoneor PDA throughanIR connectionpbtaina hard
coypy of thedatausinga printerattachedo the kiosk, or simply
storethevoiceinstructionson the sener of themall.

I1l. DESIGN GOALS

To supportthe abore scenariowe proposea distributed ser
vice proxy architecturewith thefollowing designgoals.

SeamlessHandoff acrossDevices: To provide supportfor
usermobility, network variations userdrequentlyneedio hand-
off a servicesessiornfrom one or more devicesto anotherset
of devices. Our service proxy systemmust supportpolicy-
based,user preference-dvien handofs acrossdevices seam-
lessly— with minimal servicedisruption. The handof decision
is mostly initiated by the userwho may decideto receve ser
vice on a differentsetof devices. However, the proxy system
alsoautomaticallyredirectsthe datastreamto a differentsetof
deviceswhenneededThis occursin two scenariosAny device
currently receving servicecontentbecomesdisconnectediue
to network congestioror lack of network coverage,or another
device with bettercapability as speci ed by users preference
andpolicy becomesvailableto receve servicecontent. Such
handofs shouldoccurwith little noticeableoverhead.

Device Ensemble: Ratherthan using a single device to re-
ceive the servicecontent,usersmay wish to usea collectionof
devices(i.e. a Device Ensembleto accesghe servicebasedon
device propertiessuchaspower consumptiongdisplaysize,net-
work connectiorspeed Similarly, the device ensemblealsoen-
ableusersto usedifferentmodes(e.g.,speechtext menu)from
potentiallydifferentnetworksto accesservices.Our proxy ar
chitecturemustachieze multi-modalserviceaccess.

Automation: The creationof datapathfor the adaptatiorof
servicecontentto heterogeneoudevicesshouldbe automated.

The capabilitynegotiationbetweerdevicesandservicesor the
purpose®f selectinghe device ensembléo receie the service
contentandfor device handofs alsooccurswithout userinter
vention.

Transparency: The proxy systemmustbe completelytrans-
parentto the legacy servicesandincur minimal changego the
clientapplications.

Quality of Sewice Guarantees: For alarge classof lateng/-
sensitve, real-timeapplicationsthe infrastructuremustdeploy
variousmechanismso reducelateng, jitter andoptimizequal-
ity of service.

Fault-tolerant Sewice Composition: ServiceComposition
similarto Unix pipeline-like chainingmeanghataservicesout-
putdatafeedsasinputto anotherservice whichin turn mayget
inputfrom morethanoneservices outputdata o w. As aresult,
the functionality of the servicesarecomposed Whenmultiple
servicesare composedthe composedserviceshouldbe robust
agpinstprocessmachine andnetwork failures.
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Fig. 2. APC Proxy System: This gure shawvs the APC Proxy Systems main
architecturatomponents.

IV. DESIGN
A. APCProxy System

We proposea distributedserviceproxy architectureshavn in
Figure 2 to achieve theabove designgoals.We nameour proxy
architectureAPC (AutomaticPath Creation) Proxy Systemfor
it automaticallycreateshe data o w betweena serviceanda
device ensembleBelow we describevariousarchitecturatom-
ponentaandimportantdesigndecisions.

IP-basedCore: We uselP network asthe unifying corenet-
work for integratingvariousnetworksto which servicesandde-
vices are connectedo (e.g., Pager cellular, and Satellite net-
works). The reasonfor Internet-basedntegration is the fol-
lowing. Internethasan openservicemodelallowing rapid cre-
ationanddeploymentof proxies. Internethasa well-developed
client-proxyservicemodel. Componentganbe incrementally
deployed and scaled becauseomputationakesourcesrerel-
atively inexpensve givenincrementallyscalablecomputeclus-
tersof commodityPCs.

APC Redirection Proxy: To achieve seamlesshandofs
acrossdevices and servicemobility acrossnetworks, we cre-
atealight-weightredirectionproxy for eachserviceanddevice
ensemble.lt recevesall outgoingdatafrom the serviceor de-
vice. All incomingdatato theserviceor device alsocomedrom
theredirectionproxy. If adeviceis powerful enoughthedevice
redirectionproxy canlive directly on thedevice handlingall its
incoming and outgoing connections. The primary purposeof
APC redirectionproxy is to enablgransparentlatastreanredi-
rectionfor servicesessiorhandofs acrossdevices and device
network interfacechanges.



Anothergoalof APC redirectionproxyis to provide transport
level adaptation.For instance datamay be encodedusingfor-
warderrorcorrection(FEC)codeso achieve errorresilienceon
wirelesslinks. FEC decodingis doneon the device redirection
proxy beforedeliveringdatato the client. Similarly, databuffer-
ing, prefetching,caching,and retransmissiorare also usedto
optimizeperformanceTo determinewhich optimizationmech-
anismis neededthe proxy monitorsthe paclet lossrate, jitter,
anddelay It thenselectsa setof adaptationdor optimizing
QoS.

APC Gateways: APC gatevays are machinesin compute
clustersthat provide interfacebetweenP network andanother
network. For example, GSM-IP gatevay is a gatevay thatin-
terfacesa GSM network to the Internet. Any non-IP network

existing software), we createa high performanceconnectoti-
braryto corvert differentl/O methodge.g., le, network, disk
I/0). Suchalibrary altersthe behaior of communicatiorproto-
col of legacy operatorgransparently

APC Sewvice:

Data Path Creation: APC serviceis awide-areaclusterser
vice that automaticallyconstructsa the data path (a chain of
operatorgoined by connectors)Givenapplication-speci cop-
timization metrics,APC nds anoptimal sequencef transfor
mation pathby conductingthe shortestpath searchon a graph
modelingthe spaceof operators.Optimality is determinecby
theapplicationmetric. Any vertex of thegraphdenotes dataor
protocolformat. Eachedgerepresentsn operatorperforming
the translationbetweenthe two formatswith a value denoting

requiresa gatevay for integrating devicesfrom heterogeneous the costof operation. Using Dijkstra's shortestpath searchal-

networks.

Transformation Operators and Connectors: To handle
dataformat and capability mismatchbetweena serviceand a
device, transformationof dataand protocolsis performedbe-
tweenthe device and sener redirectionproxy. We de ne two
abstractionsoperatorandconnectorsAn Opeiator hasclearly
de ned inputandoutputtypesandis only responsibldor com-
putation. It is agnosticof the actualtransportmechanisnused
by a connectorfor delivery to the user A Connectoris an ab-
stractionof the ADU transportmechanisnbetweentwo oper
ators. This abstractionencapsulategarious propertiesof the
transportsuchasreliability, orderof delivery, anddrop policy.
The key advantageof this abstractioris thata connectorhides
thepotentialdifferencesn network protocolsfrom theoperators
andallows themto communicat@aslong asthe outputdatatype
of the downstreamoperatormatcheshe input datatype of the
upstreanmoperator

APC ProxySystemsupportfour typesof operatorglassi ed
accordingto its functionality Variousoperatorpropertiessuch
asinput, outputtype, classi cation,etc. areencapsulatedsing
XML to facilitateautomategathdiscovery.

Data Format Translation Operators. This type of operator
performscorversionsbetweerdifferentdataformats(e.g.,GIF
to JPEG PCMto GSM, powerpointto HTML).

Protocol Conversion Operators. Theseincludetranslation
betweendifferent security protocols. For example,an opera-
tor that corvertsbetweenthe heary-weight securityhandshag&
protocolsuchas SSL to simple shared-ky encryptionand de-
cryptionfallsinto this category.

Content Transformation Operators. This type of operator
Iters or aggreatesthe information producedby the previous
operator Anotherexamplewould be a languageranslationop-
eratorfrom Englishto Chinese or anoperatoigiving asummary
of aparagraph.

Optimization Operators. This cateyory of operatorsdoes
not changethe semanticcontentof the data. Instead they mod-

ify the propertiessuch as data size and security guarantees.

Thesecan be lossy or losslesscompressioroperatorsto opti-
mizebandwidthusagegencryptionoperatorsandFECoperators
to lower dataerrorrate. The tradeof of addingtheseoperators
is improved resourceutilization but more operationcompleity
andpotentiallyincreasedateng.

To handlethe /O mismatchedetweeregacy operatorgary

gorithm,therunningtimeis O(E logV), whereV isthenumber
of verticesin thegraph,andE is the numberof edges.

Computation Placementand Migration: APC providesa
wide-areaComputatiorDistribution Network(ComDN)for pur-
posesof making intelligent operatorplacementand migration
decisions. Analogousto ContentDistribution Network (CDN)
like Akamai,a ComDN distributesthe computatiorratherthan
contentfor betterperformanceaccesdateng, and robustness
to failures.Moreover, it alsodynamicallyrelocateghe compu-
tation during a servicesessiorwhenperformancéecomesin-
acceptableFor example,whenthe network becomegongested
betweertwo operators APC relocatesone of themsothatdata
pathcanavoid suchnetwork bottleneck.

A ComDN consistof computesenerswhereoperatorsexe-
cute. It keepstrack of existing runningoperatorinstancesand
monitorsthe load of computeseners. For load and network
monitoring,it deplo/s awide-aeamonitoringservice combin-
ing technigue®f both passie andactive monitoring.It collects
bothapplication-speci candapplication-independemeasure-
mentsin a soft-statebasedlistributeddatabase.

ComDNdecidesvhich operatolinstancego usefor a partic-
ular datapathandon which computesenersto placedynami-
cally createdoperators.This decisionis basedon the network
andsener load, locationsof input datasourcesandoutputdata
sinks,andoverheadof pathcreation. Application-speci cQoS
metrics(e.g. lateny, throughputjmageresolution etc.)is used
to determinethe bestlocation.

Not only is ComDN responsibldor computatiorplacement,
it alsomakesoperatomigrationdecisionsin atranscodinglata
path,computationsareoften easilyrelocatabledueto soft state
natureof theoperation For this classof statelesgperatorstheir
locationsarenot x edin the network and canbe changedor
the purposeof performanceenhancement-or example,during
a real-time servicesessionthe network and sener load may
increaseresultingin unacceptabléateng. Thiscanalsooccurs
dueto servicehandof to a device usinga differentnetwork, or
dueto roamingof high-speednobileusers.

During runtime, the monitoring serviceof ComDN noti es
the APC Servicewhenthe datapath performancegoesbelov
the acceptabldhreshold. APC constructsa new datapath by
migratingcomputatiorstateof existing operatorgo othernewnly
selectedcomputationsitesby ComDN. Eachoperatorhasap-
plicationspeci c servicesessiorstatewhich areto be encapsu-



lated and sentover to the new location (e.g., cookiesfor Web
browsing, transcodingparameterdor datatransformation).in
addition to operatormigration, APC also performsautomatic
insertionanddeletionof computationin the datapathto adapt
to changesn senerandnetwork load.

Proactive Adaptation to Resource Variations: Here we
generalizethe techniqguesAPC usesto adaptto dynamicre-
sourcevariationsduring a pathexecution. Frequentlyendusers
may experiencedegradedperformancef the servicedueto dy-
namicchangesn network conditionse.g.,sudderdropin band-
width due to network congestion,or other resourcessuchas
computationakycles and memoryspace. Thereis a needfor
applicationgo adaptto dynamicchangesn availableresources
to optimizeusers perceved quality of service.We de ne three
waysto adaptto changesn resources.Theseadaptationsare
performedonly afterthe effect hasbeenobsenedto persistbe-
yondathresholdamountof time, sincereactingto transientre-
sourcechangegesultin unjusti ed overheadandinstability of
thesystem.

Application-intelligent adaptation
The applicationis powerful enoughto do its own adaptatiorto
resourcechanges.For instance RealAudiocombinesmultiple
streamsncodedor differentbit ratesinto asingleclip, andRe-
alVideo usesa single codecto encodedatafor all bandwidths.
During runtime,theaudioandvideo streamslynamicallyadapt
to changesin bandwidths[4]. In this case,APC should di-
rectly take advantagethe applicationadaptatiormechanisnin
thecomposegath.

Application-speci ¢ adaptation
The applicationprovidesmechanismgor dynamicadjustment,
but doesnot do so automatically For instance for bandwidth
adaptationthereare differentinstancesf the samecodecin-
tendedfor differentbit rate. A codecmay be errorresilient,but
needsto be noti ed of the currenterror rate througha control
channel.In this case APC is responsibldor monitoringthere-
sourcechangesand providing 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 and does
application-independergdaptation. For instance,to adaptto
high paclet lossrate,forward error correction(FEC) and com-
pressioroperatorsareinsertedfor betterdatathroughput.FEC
canalsovary theamountof redundang basednthepacletloss
rate.

Combinationsof the above approachesre used. Given the
application-speci coptimization criteria, APC strives to cre-
ateservicecompositionghatbestutilize network andcomputa-
tional resourceso achieve the optimal desiredQoS.Optimized
resourcaultilization anddifferentiatedQoSareenabledy ourit-
eratve datapathconstructiorprocessith continuoudeedback
andclearspeci cationof optimizationmetrics.

B. APCProxySystenControl Signaling

To realizeour motivating scenarian Sectionll, we now de-
scribethe control signalingto enableseamlesserviceaccess
usingadevice ensemble.

Device Discovery: As partof the APC Proxy System there
is alocal-areadevice registry which keepstrackof availablede-
vices, their propertiessuchas ownership,computepower, bat-
tery life, memory etc. It usesa IP multicastchannelto dis-
cover ary new devicesin the local areanetwork. If devices
arebluetooth-enabledr have acommonnetwork interface they
candiscovereachotheranddirectly reporttheirneighborgo the
device registry.

Capability Negotiation: Whena userrequestsa serviceus-
ing a device ensemblethe redirectionproxy of eachdevice is
contactedvhich performsa capability negotiation betweerthe
requestederviceandthe device ensembleUsing theinforma-
tion from the device registry, it determinesvhich setof devices
arebestsuitedfor receving the servicecontentandhow theser
vice shouldbe bestdelivered. It then makes a datapath cre-
ation requestto the APC Service. This decisionis performed
by examiningthe propertiesof eachdevice. For instanceacell
phoneprovidesarelatively low-lateng, reliablevoice channel.
It is easyfor punchingin menukeys. Its coverageis almost
ubiquitous.However, it hasvery limited screerdisplaysizeand
hasrelatively low batterylife. Thus,a cell phoneis usefulas
a voice-basedr key-basedcontrol channeland audio output
channel. In contrast,a desktopPC hasmuch more capability
in memory computepower, anda higher delity graphicaldis-
play. Neverthelessit is not mobile. Thus,it is usefulfor video
displayonly whena userintendsto stayin a x edlocation.

Interaction with a Device Ensemble: Onepotentialproblem
of utilizing a collection of devices simultaneouslyis that syn-
chronizatiormaybenecessargmongthedevices.For instance,
if audiois deliveredto the cell phoneandvideois streamedo
the desktopPC, it is easyfor datato getout of sync. We pro-
posethat the redirectionproxies periodically sendeachother
sequencingnessage® resynchronizeThesemessagesanbe
application-leel sequencemumbersof simply RTP timestamps
if RTPis usedasthetransport.
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Fig. 3. Device handoff: This gure demonstratesur scenarioof handinga
videoconferencesessiorfrom a PSTNphoneanda PCto a GSM andPalm
Pilot. Dashedinesrepresentiatastreamsafterthe handof.

Policy-basedHandoff: A handof canbe eitherinitiated by
the useror suggestedy the APC Service. The latter caseoc-
curswhen device receving the servicebecomeddisconnected
or overloaded.We now stepthroughthe scenario(Figure 3) of
Alice handingoff thevideoconferencingessiorwith herMom
from herhomePSTNphoneandPCto herGSM cell phoneand
Palm Pilot. Alice rst dials #C to indicate her wish to hand-
off her corversationto her cell phone. The redirectionproxy



recevesthe control signalfor handof andlooksup the Alice's
cell phonenumberin the device registry. It contactsthe APC
Serviceto createa new datapathto a differentendpoint— cell
phone. It thendials the numberthroughthe GSM-IP gatavay.
As soonasAlice picksup hercell phone theredirectionproxy
immediatelyredirectsthe voice datastreamof the pathcreated
by APCto thecell phone.During the handof, the proxy buffers
someaudio dataandreplaysthemto minimize the disruption.
To handof the video streamof sessionAlice selectghe corre-
spondingmenuon herdesktopPCto indicateherwish to hand-
off to herPalm Pilot with CDPD connectvity. Thedevice redi-
rectionproxy requestAPC to build anew datapathto the Palm
Pilot. APC automaticallyinsertsa distillation proxy to reduce
videoimageresolutionandsize.After receving thedatastream,
the proxy redirectghe datato the Palm Pilot.

C. Modi cationsto Clientand ServerApplications

The APC Proxy Systemis entirely transparento services.
Thereis no needfor modi cation on the sener side. To use
the APC proxy service,devicesneedto provide a handof reg-
istry userinterfacewhich allows usersto selectto which other
devicesto handof the servicesession.Thelist of availablede-
vicesis availablefrom the local areadevice registry. The hand-
off registry directly contactsthe device's redirectionproxy for
performinghandofs. Clientapplicationseedto bewrappedoy
asimplewrapperservicethatredirectsall communicatiorno the
outsideworld to theclientredirectionproxy. Thereareno other
changeseeded.

V. DEVELOPMENT STATUS

As partof the ICEBERG project[5] we have alreadyimple-
mentedhandofs of telephonecorversatioracrosPSTN,GSM,
desktoplP phones. We have also built GSM-IP gatevay and
have createdsimple servicessuch as readingnews headlines
from the New York Time on a GSM cell phoneand use the
cell phoneto sendvoice commanddo control A/V equipment
of a smartroom. We have built a prototypeclusterbasedAPC
Servicefor wide-areaservicecomposition.Existing composed
serviceapplicationsinclude listening to MP3 songson a cell
phonewatchingareal-timeMPEG-1transcodedatastreanon
aRealPlayer We have an extensie collectionof operatorsio-
ing corversionof variousaudioandvideo formatsandbetween
text andspeechAs partof the APC Proxy Systemwe have ex-
periencen providing mobility supportusingadaptve FEC and
datastreamredirectionfor wirelessclientswho may changelP
addresseduringareal-timeservicesession.

VI. RELATED WORK

Therearea few areaf relatedwork. Herewe brie y exam-
ine themanddiscusshow our work distinguishegrom them.

Transformational proxies: Our work is heaily in uenced
by the TACC [6] programmingmodel;however, TACC focuses
onthelasthopissueandis limited to asingleproxy architecture.
Conductor{7] remediesn this regard, but doesnot addresss-
suesof dynamicinsertion, deletion,and migration of proxies
to adaptto sener and network load variations. Furthermore,
Conductordoesnot provide mobility supportor handofs across
devices.

Handoffs: Our work hasbene tted from ideasof projects
that provide policy-basechandofs betweemetworks (i.e. Ver
tical Handofs [8]) and betweencellsin a single network (i.e.
HorizontalHandof [9]). We extendthis ideato handof across
deviceswhich encompasbothof thesetypesaswell ashandof
of servicesession.

Mobility support: Mobile IP [10] provides a solution for
dealingwith IP addresghangestthenetwork layerlevel where
theHomeAgentkeepdrackof thecurrentiocationof themobile
user Thisapproachsimilarto IP Multicast,requireschangeso
the IP network andhencecanbe very dif cult to deplgy. Sno-
erenandBalakrishnar{11] proposeshe additionof a TCP mi-
grateoptionto migrateopenTCP connections.Their approach
requiresaddinga TCP optionwhich requiresthe installationof
anew TCPstackon boththeclientandsener. Insteadwe pro-
posea solutionat the applicationforwardingproxy level where
the IP addresseareallowed to change.Our approactrequires
neitherchangingthe IP layer nor the TCP layer. This is possi-
ble becaus&PC hascompleteknowvledgeof theentirenetwork
path.

VIlI. CONCLUSION

In summarythe contritutionsof our APC Proxy framewvork
aretheconcepof device ensemblallowing mult-device service
accessautomatedlatapathcreationfor contentadaptationtun-
time resourceadaptationusing computationrelocation,inser
tion, and deletion,and seamles$olicy-driven handofs across
devicesto supportusermobility. Most importantly all of the
abore goalsareachiezedtransparento existing servicesandim-
posingminimal overhead.
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