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Abstract

In this paperwe shav thatapplication-awae adaptation a
collaboratve partnershipbetweenthe operatingsystemand
applications pffers the mostgeneralandeffective approach
to mobile information access. We describethe designof
Odysswg, a prototypeimplementingthis approachandshav
how it supportsconcurrentexecutionof diversemobile ap-
plications. We identify agility asa key attribute of adap-
tive systemsanddescribehow to quantify and measuret.
We presentthe resultsof our evaluationof Odyssg, indi-
cating performancampraovementsup to a factorof 5 on a
benchmarlof threeapplicationsconcurrentlyusing remote
servicesover a network with highly variablebandwidth.

1 Intr oduction

Adaptationis the key to mobility. Only through alertnessand
prompt reactionscan a mobile client offer acceptableservicein
spite of the mary problemsthat plagueits existence. Thesein-
cludeunpredictablevariationin network quality, wide disparityin
the availability of remoteservices,limitations on local resources
imposedby weightandsizeconstraintsconcernfor batterypower
consumptionandloweredtrust androbustnesgesultingfrom ex-
posureandmotion|[5, 15, 30].

Oncethe needfor adaptatioris recognizedmary questiongol-
low. Whatform shouldsuchadaptatiortake? Which systemcom-
ponentsshouldbearresponsibilityfor adaptation?How doesone
characterizehe adaptve capabilityof a mobile client? How does
onecomparealternatve designgrom theperspectie of adaptation?

We presenbur answergo theseandrelatedquestionsn this pa-
per. We describehe designandimplementatiorof a softwareplat-
form called Odyssg, andshov how it provides effective support
for concurrentexecutionof diversemobile applications.We iden-
tify agility asakey attribute of adaptve systemsanddescribehow
to quantify andmeasurdt. Finally, we presenthe resultsof our
evaluationof the Odyssg prototypeto confirmthe benefitsof our
approachTheseesultsindicateperformancémprovementsipto a
factorof 5 onabenchmarlof threeapplicationsconcurrentlyusing
remoteserviceover a network with highly variablebandwidth.
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2 DesignRationale

Odyssg is a setof extensionsto the NetBSD operatingsystemto
supportadaptatiorfor a broadrangeof mobileinformationaccess
applications Theseapplicationsxecuteon mobile clientsbut read
or updateremotedataon seners. Our goalin building Odyss¥ is
to enablemobile scenariosuchasthefollowing one.

2.1 Motivation

Considera hypotheticakcenarian which a touristwith awearable
computerrunningOdyssg is walking in anurbansetting. A wire-

lessoverlay network [16] providesthe computerwith a variety of

connectioalternatves,which differ in bandwidth,coverage cost,
andreliability. The higherbandwidthalternatvesare more sensi-
tive to fading and signalloss asthe usermovesin andout of the
radioshadavs of buildings.

As hewalks,theuserinteractswith his computeithroughspolen
commandshe recevesoutputthrougha head-mountedisplay or
synthesizedpeech.The speechsoftware exploits remotecompute
senerswhenconnectedbut is capableof degradednteractionsus-
ing atiny vocalulary whendisconnectedOneapplicationprovides
avideonarrationof local history, with contentdeliveredfrom are-
motesener. Anotherapplicationis aWebbrowserthatcanrespond
to queriesaboutthelocal ervironment.

Odyssg monitorsresourcesuchasbandwidth,CPUcycles,and
batterypower, andinteractswith eachapplicationto bestexploit
them. For example,whenhigh-bandwidthconnectvity is lost due
to aradio shadw, Odyssg detectsthe changeand notifiesinter-
estedapplications. The video applicationrespondsby skipping
frames thusdisplayingfewer framesperminute,while theWebap-
plicationrespond$y displayingdegradedversionsof largeimages.
When the useremepgesfrom the radio shadav, Odyssg detects
a substantiaimprovementin bandwidthandnotifiesapplications.
They thenrevertto their original behaiors.

Althoughtheuseris awareof changingapplicationbehaior dur
ing his walk, he doesnot have to initiate adaptatioror be involved
in its details. Rather he candelgyatethesedecisionsto Odyssg,
confidentthatreasonabléradeofs will bemade.

While mobile scenariossuch as this motivated the design of
Odyssg, its benefitsmay be valuablein a broadercontext. For ex-
ample,large bandwidthvariationscanarisein wide-areanetworks
with fluctuatingloads. The adaptatiorsupportecby Odyssg can
bevaluablein copingwith suchvariation.

2.2 Fidelity

As theexamplein theprevioussectionillustrates thedataaccessed
by an Odyssg applicationmay be storedin one or moregeneral-
purposerepositoriessuch as file seners, SQL seners, or Web
seners. Alternatively, it may be storedin morespecializedeposi-
toriessuchasvideolibraries,query-by-image-contemtatabasesr
backendsof geographicainformationsystems.

The constraintsof mobility complicatedata accessfrom such
seners. Ideally, a dataitem availableon a mobile client shouldbe
indistinguishabldrom thatavailableto the accessingpplicationif



it wereto beexecutedonthesener storingthatitem. But this corre-

spondencenaybedifficult to presere asresourcebecomescarce;
someform of degradationmay beinevitable. We definefidelity as

thedegreeto which datapresentedt a client matcheghereference
copy atthesener.

Fidelity hasmary dimensions. One well-known, universaldi-
mensionis consistencySystemssuchasCoda[18, 31], Ficus[27]
andBayou[37] exposepotentially staledatato applicationswhen
network connectity is poor or non&istent. Otherdimensionsof
fidelity dependon thetype of datain question.For example,video
datahasat leasttwo additionaldimensions:framerateandimage
quality of individual frames. Spatialdata, suchastopographical
maps,hasdimensionsof minimum featuresize or resolution. For
telemetrydata,appropriatedimensionsnclude samplingrate and
timeliness.Thedimension®f fidelity arenaturalaxesof adaptation
for mobility. However, the adaptatiorcannotbe solely determined
by thetypeof data;it alsodepend®ntheapplication.Differentap-
plicationsusingthe samedatamay male differenttradeofs among
dimensionf fidelity.

A key goal of Odyssg is to provide a framewvork within which
diversenotionsof fidelity can easily be incorporated. Our focus
on mobile information accessallows us to boundthis diversity to
manageabl@roportions. Specificallyexcludedfrom our purview
areapplicationghatinvolve stringentreal-timeconstraintssuchas
video conferencingandmulti-clientinteractve games.

Supportingmultiple levels of fidelity complicatesthe task of
evaluation. Since adaptve applicationstradefidelity of datafor
performancefocusingsolely on the latter canresultin a mislead-
ing evaluation. For example,by forcing applicationsto operateat
their lowestfidelity levelsatall times,a systemcouldensurebetter
performancehanacompetingsystenthatstrivesto supporthigher
fidelity levels when possible. Yet, this degenerateapproachvio-
latesour intuitive notionof whatconstitutesagoodsystem.Hence,
the evaluationof an adaptie systemmusttake into accountboth
fidelity andperformance.

2.3 Concurrency

The ability to executemultiple independentpplicationsconcur
rently on amobile clientis vital. Although this ability is taken for
grantedon desktopoperatingsystemstherecontinuesto be skep-
ticism aboutits valuein mobile clients. This skepticismis fueled
by the popularityof devicessuchasPDAs [1] andpocket organiz-
ers[38], which executeonly oneapplicationatatime.

While suchspecializedmobile devicesfill animportantniche,
we arecorvincedthatmary mobileuserswill find it valuableto run
backgroundapplicationsin additionto the foregroundapplication
that dominategheir attention. For example,an informationfilter-
ing applicationmay run in the backgroundmonitoring datasuch
asstock pricesor enemymovements andalertthe userasappro-
priate. As anotherexample,an applicationusedin emepgeng re-
sponsesituationsmay monitor physicallocationand motion, and
prefetchdamage-assessmeinformation for the areasto be tra-
versedshortly.

To effectively supportconcurrentapplicationspnemustcontrol
their useof limited resources.In otherwords, thereneedsto be
centralizedmonitoring and coordinatedresourcemanagemenon
a mobile client. Operatingsystemswhich have historically per
formedthis role for CPU cyclesandmemory mustnov managea
broademrangeof resourcesuchasnetwork bandwidth,disk cache
spaceandbatterypower.

Theneedto coordinataesourcananagemerdcrossapplications
mutesthe effectivenesof mary currentapproache® mobilecom-
puting. For example,commercialapplicationssuchasEudora[28]
provide vertically integratedsupportor mobility, whereeachappli-
cationassumeshatit hasfull useof availablenetwork bandwidth.

Evenamoresophisticatedoolkit approactsuchasRover[13] only
paysminimal attentionto resourcecoordination.

2.4 Agility
Soundadaptatiordecisiongequireaccurateandtimely knowledge
of resourceavailability. Ideally, a mobileclient shouldalwayshave
perfectknowledgeof currentresourcdevels. In otherwords,there
should be no time lag betweena changein resourceavailability
andits detection. Further if this changeis suficient to warrant
modificationof client behaior, that too shouldbe accomplished
withoutdelay

Of course no physicalsystemcanmeetthis ideal. The bestwe
canhopefor is to build closeapproximationshroughgooddesign
andengineering.Thus,akey propertyof anadaptve systemis the
speedandaccurag with which it detectsandresponddo changes
in resourceavailability. We call this propertythe agility of the sys-
tem. Whenchangesrelargeanderratic,only ahighly agilesystem
canfunction effectively. In more stableervironments,lessagile
systemamay sufiice. Agility is thusthe propertyof a mobile sys-
temthatdetermineshe mostturbulentervironmentin whichit can
functionacceptably

Agility is a complex property with mary components. One
sourceof compleity is differing sensitvity to differentresources.
For example,a systemmay be muchmore sensitve to changesn
network bandwidththanto changesn battery power level. An-
other sourceof compleity is differing origins of changesn re-
sourceavailability. The changemay be causedy variationin the
supplyof a resourcedueto mobility, or by changeddemandfor it
by concurrentpplications Sincedifferentmechanismsnay bein-
volvedin detectingthesetwo differenttypesof changesit maybe
necessaryo distinguishthesecomponentsf agility.

2.5 Minimalism

Ratherthanusinga clean-sheeapproacho designingOdyssg, we

decidedto extend an existing system. We choseNetBSD, a vari-

ant of the 4.4 BSD Unix operatingsystem[22], as the starting
point. NetBSD sourcecodeis publicly available without encum-
brance thusallowing free distribution of derivatives. The popular

ity of NetBSDalsooffers the possibility of attractinga substantial
Odyssg usercommunity

We avoided changego the NetBSD API and internal structure
unlessessentialand madethe few necessarchangesconsistent
with NetBSDidiom. Thus, Odyssg shouldbe viewed as an ex-
ercisein minimalism: it representshe smallestsetof interfaceand
codeextensionsave believe necessarjor agileadaptatiorin mobile
environments.

3 Application-Aware Adaptation
3.1 Model of Adaptation

Odyssg’s approach to adaptation is best characterized as
application-awae adaptation The essencef this modelis a col-
laboratie partnershipbetweenthe systemandindividual applica-
tions. The systemmonitorsresourcdevels, notifiesapplicationsof
relevantchangesandenforcesesourceallocationdecisions.Each
applicationindependentlygecideshow bestto adaptwhennotified.

Thisdivision of responsibilitydirectly addressetheissuesof ap-
plicationdiversityandconcurreng. Diversityis accommodatetly
allowing applicationsto determinethe mappingof resourcdevels
to fidelity levels. Concurreng is supportedby allowing the sys-
tem to retain control of resourcemonitoring and arbitration. The
challenges to designa systemthat cansupportthis separatiorof
concernsvithout compromisingagility.
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Figurel: Modelsof Adaptation

Figure 1 placesapplication-avare adaptationin contet, span-
ning the rangebetweentwo extremes.At oneextreme,adaptation
is entirelytheresponsibilityof individual applications Thislaissez-
faire approachysedby commerciakoftwarepackagesuchasEu-
dora,avoidsthe needfor systemsupport.But, asdiscussedn Sec-
tion 2.3, it fails to addresghe issueof applicationconcurreng. At
the other extreme,application-tanspaent adaptation the system
bearsfull responsibilityfor both adaptatiorandresourcenanage-
ment. This approachexemplifiedby Coda,is especiallyattractive
for legag/ applicationsbecausehey canrun unmodified.Applica-
tion concurrenyg is well supportedbut applicationdiversityis not,
sincecontrol of fidelity is entirelyin the handsof the system.

3.2 Realizingthe Model

The obvious approachto implementingapplication-avare adapta-
tion would be to directly reflectits separatiorof concernsin the

Odyssg architecture.ln suchan architecture systemcodewould

treatdatagenerically;individual applicationsvould be entirely re-

sponsiblfor differentialhandlingof datatypes.

Unfortunately the wide disparity in the physical and logical
propertiesof variousdatatypesrequiresthat someform of type-
awarenes®eincorporatednto the systentor efficientresourceus-
age. For example, the size distribution and consisteng require-
mentsof datafrom anNFS sener differ substantiallyfrom thoseof
relationaldatabaseecords imagedatamaybehighly compressible
usingonealgorithmbut not another Video datacanbe efficiently
shippedusinga streamingprotocol that dropsratherthanretrans-
mits lost data; in contrast,only reliable transmissiongre accept-
ablefor file or databaseipdates.lIt is impossibleto optimize for
suchdifferenceswvithout somesystem-lgel knowledgeof type.

Theseconsiderationgeadto a moresophisticatedrchitecturen
which Odyssg hastwo responsibilitiesIt mustbe awareof shared
accesso remotedataby concurrenapplicationssothatit canprop-
erly manageesourcesAt thesametime, it musthave type-specific
knowledgeto allow effective resourcananagemenactions. Such
knowledgeis necessaryfor example,to estimatethe relative costs
and benefitsof compressinga cacheditem versusflushingit and
refetchingit later.

Odyssg incorporategype-avareneswia specializeccodecom-
ponentscalledwardens A wardenencapsulatethe system-lgel
supportat a client necessaryo effectively managea datatype. To
fully supportanew datatype,anappropriatevardenhasto bewrit-
tenandincorporatednto Odyssg at eachclient. Thewardensare
subordinateto a type-independentomponentcalled the vicery,
whichis responsibldor centralizedesourcemanagement.

The collaboratve relationshipervisionedin application-avare
adaptationis thus realizedin two parts. The first, betweenthe
viceroy andits wardensjs data-centric it definesthe fidelity lev-
elsfor eachdatatype andfactorstheminto resourcenanagement.
The second betweenapplicationsand Odyssg, is action-centric
it provides applicationswith control over the selectionof fidelity
levelssupportedy thewardens.

4 Designand Implementation

An implementatiorof Odyssg mustenableanapplicationto

e operateon Odyssg objects,

e expresgesourcexpectations,

e benotifiedwhenexpectationsareno longermet,and

e responddy changingfidelity.
The Odyssg mechanismsupportingeachof theserequirements
aredescribedn thefollowing sections.

4.1 Operating on OdysseyObjects

Consistentwith our goal of minimalism, we have built upon
NetBSDfile systemcallsratherthandefininga completelynew in-
terface.Thus,Odyssg is integratedinto NetBSDasanew VFSfile
system[19]. In addition,we have found it necessaryo adda few
new systemcalls.

As shawn in Figure2, we haveimplementedheviceroy andwar
densin userspaceaatherthanin thekernel. Operationon Odyssg
objectsareredirectedo theviceroy by asmallin-kernelinterceptor
module.All othersystemcallsarehandleddirectly by NetBSD.

Odyssey
Warden3
>
=
. . _8 Warden2
Application p
Wardenl
o —— Upcall "
L \Joa
NetBSD 7 &

Interceptor

Kernel

Figure2: Odyssg Client Architecture

Wardensarestaticallylinkedwith the viceroy, andthe ensemble
executesin a single addressspacewith userlevel threads. Com-
municationbetweerthe viceroy andwardends throughprocedure
calls and shareddatastructures.The wardensare entirely respon-
sible for communicatingwith senersandcachingdatafrom them
whenappropriate— applicationsever contactsenersdirectly.

Ourimplementatiorof Odyssg outsidethe kernelis consistent
with the philosophyof modernoperatingsystemdesignssuchas
Exokernel [6] and SPIN[3]. Sinceextensibility is the motivation
for suchsystemstheir usein the context of Odyssg shouldresult
in improved agility andeasierinstallationof new wardens.

Integrating Odyssg with the file systemyields several key ad-
vantages.It givesus a well-understoodramework for integration
aswell asusefulinfrastructureto simplify implementation.Since
file operationsareperformedon Odyssg objectsby theappropriate
warden,their semanticsanbe customizedo provide a modicum
of type-avarenessvithout new systemcalls.

At the sametime, our approachimposescertain limitations.
Somedatatypesdo not naturally fit eitherthe namingor access
methodsprovidedby thefile system Further thereareno standard
file operationscorrespondingdo fidelity changes.For naming,we
incorporateextensionssimilarin spirit to virtual directorieq9]. For
accessnethodsandfidelity changeswe rely on a general-purpose
mechanisndescribedn Sectiord.4.

As Odyssg matures,we may discover that further improve-
mentsin functionality or agility areimpossibleunlesswe move the
vicergy andwardensnto the kernel. Until thereis compellingevi-
denceof this, however, we planto retainthe currentarchitecture.



r equest (i n path,i n resource-descriptoout request-id)
cancel (i n request-id)

(a) ResourcéNegotiationOperations

resource-id
lower bound
upperbound
nameof upcallhandler

(b) ResourcdescriptorFields

Network Bandwidth  bytes/second
Network Lateng microseconds
Disk CacheSpace  kilobytes
CPU SPECint95
BatteryPaver minutes
Money cents

(c) GenericResourcein Odyssg

[ handl er (i n request-idj n resource-idj n resource-leel) |
(d) UpcallHandler

t sop(i n path,i n opcodej n insize,i n inbuf,
i nout outsize,out outhuf)

(e) Type-SpecifiOperations

This figure shavs Odyssg's extensionsto the NetBSD program-
ming interface. Note thatther equest andt sop calls have vari-
antsthat identify Odyssg objectshy file descriptorsratherthan
pathnames.

Figure3: Odyssg API

4.2 ExpressingResource Expectations

Applicationscommunicateesourcexpectationgo Odyssg using
ther equest systemcall shavn in Figure3(a). Thecall takesa
resourcalescriptoridentifying aresourceandspecifyingawindow
of toleranceon its availability. This call expressesheapplications
desireto betold if theavailability of theresourcestraysoutsidethe
window.

If, atthetime of ther equest , the availability of the resource
is within thewindow of tolerancetheviceroy registerstherequest
andreturnsa uniqueidentifierfor it. Thisidentifiercanbe usedby
thevicergy in notifying theapplicationthattheresourcénasleft the
requestedboundspr by theapplicationin afuturecancel system
call to discardtheregisteredrequest.

If the resources currently outsidethe boundsof the tolerance
window, an error codeandthe currentavailableresourcdevel are
returned.The applicationis thenexpectedto try again,with a new
window of tolerancecorrespondingo a new fidelity level.

Thefieldsof aresourcalescriptomreshavnin Figure3(b). Each
resourcas namedby a uniqueresouce identifier. Figure3(c) lists
thegenericresourcesve planto managen Odyssg. At presenthe
prototypeonly manageshe mostcritical resourcan mobile com-
puting: network bandwidth. Thewindow of toleranceis indicated
by lowerandupperbounds A resourcalescriptoralsospecifieghe
nameof aprocedurghatwill becalledto notify theapplicationthat
theresourcehasleft thewindow.

4.3 Notifying Applications

Whenthe viceroy discoversthat the availability of a resourcehas
strayedoutsidea registeredwindow of tolerance,it generatesan
upcall to the correspondingapplication. The applicationadjusts
its fidelity accordingto its individual policy. It thenissuesanother
r equest calltoregisterarevisedwindow of toleranceappropriate
to the new fidelity.

An upcallhandleris invoked with threeparametersasshavn in
Figure3(d). Thefirst parameteidentifiesther equest operation
on whosebehalfthe upcallis beingdelivered. The secondparam-
eteridentifiesthe resourcevhoseavailability haschangedandthe
third parametegivesthe new availability.

UpcallscloselyresembleJnix signals,but offer improvedfunc-
tionality. Like signals,upcallscanbesentto oneor moreprocesses,
canbe blocked or ignored,andhave similar inheritancesemantics
onprocessork. Unlike signalsupcallsoffer exactly-oncejn-order
semanticdor eachrecever of a particularupcall. Further upcalls
allow parameter$o be passedo target processeandresultsto be
returned.

4.4 Changing Fidelity

Requestdor fidelity changesio not mapwell to the NetBSDfile
systeminterface. Further mary datatypeshave naturalaccess
methodsthat are not well supportedby the untypedbyte stream
model.To addressheseshortcomingswe have includedageneral-
purposesscapenechanisntalledt sop, ortype-specifioperation,
shavn in Figure3(e). Theargumentdgo t sop specifyan Odyssg
objectandthe opcodeof atype-specificoperationto be performed
on it. Input and output parametersre specifiedas unstructured
memorybuffers,in the spirit of thei oct | systemcall.

5 Example Applications

To explore Odyssg’s ability to supportapplicationdiversity, we
modified three very different applicationsto run on it. The first
two applicationsaredravn from the domainof mobileinformation
access:a video playerwhosesourcecodewe have accesgo, and
a Web browserwhosesourcecodeis not publicly available. The
third application,a speechrecognizer was chosento explore the
effectivenesof Odyssg outsideits original targetdomain.

Eachapplicationrequiresa differentstratey for integrationinto
Odyssg, and eachhasdistinct notionsof fidelity. Collectively,
theseapplicationssene asa vehicleto explore the generalityand
performanceharacteristicef Odyssg.

5.1 VideoPlayer

Our supportfor videois basedn xanim a public-domainsoftware
packagehatcangeneratevideoanimationfrom datastoredin vari-
ousformatsin alocalfile. As shavn in Figure4, we splitits mono-
lithic implementatiorinto a client andsener, andwrote a warden
to satisfyclientrequest@ndfetchdatafrom the sener.

Client
Viceroy :
) 0 E Video
Xanim % ) ‘&' Server
Video
Warden

Figure4: VideoPlayerin Odyssg



Eachmovie is storedin multiple tracksat the sener, onetrack
perfidelity level. We have incorporatedhreelevels of fidelity for
Quicktime[11] videodata: JPEG-compressdgd1] color framesat
qualities99 and 50, andblack-and-whiteframes. Storingall three
tracksincursonly modestboverheadtypically about60%morethan
storingjust the highesffidelity track.

The wardensupportstwo tsops: to reada movie's meta-data,
andto geta particularframe from a specifiedtrack. The warden
performsread-aheadf framesto lower lateng.

Whenthe playeropensa movie, it calculateshe bandwidthre-
quirementsof eachtrack from the movie meta-data. The player
begins the movie at highestpossiblequality, andregistersthe cor
respondingvindow of tolerancewith Odyssg. Whenit is notified
of a significantchangein bandwidth,the playerdeterminesa new
fidelity level andswitchesto the correspondingrack. If the player
switchesfrom alow fidelity trackto a higherone,the wardendis-
cardsthe prefetchedow-quality frames.

5.2 WebBrowser

NetscapeNavigator, or simply Netscapeis a widely-usedtool for

accessinghe World-Wide Weh It is an especiallyinterestingap-
plicationfor Odyssg becauseve do not have accesdo its source
code. Sincewe cannotdirectly modify Netscapdo take advantage
of Odyssg, we exploit its proxyfacility asshavn in Figure5.

Viceroy

-pcDistillation to

RPC| HTTP

| Server ’Sé"r’fgrs
Web|:

Warden|:

Figure5: ExtendingNetscapdor Odyssg

All of Netscapesrequestareredirectedo aclientmodulecalled
the cellophane Together Netscapendthe cellophaneconstitutea
singleapplicationfrom the viewpoint of Odyssg. The cellophane
malkesuseof the Odyssg APl andselectdidelity levels. Netscape
passiely benefitsfrom the adaptationinitiated by the cellophane.

The cellophanetransformsHTTP requestsfrom Netscapento
file operation®on Odyssg Webobjects.The Webwardenforwards
theserequestwia the client’s mobile network connectionto a dis-
tillation server The latter provides multiple levels of fidelity for
imagesalongthe lines suggestedy Fox et al [7]. Sinceimages
tendto belargeandconstitutea substantiafractionof HT TP traffic,
focusingonthemhasahigh payof. At the highestfidelity, images
areuncompressed?rogressiely lower levels correspondo JPEG-
compressedmagesof decreasingjuality The wardenprovidesa
tsopto setthefidelity level.

Thedistillation sener fetchesrequestedbjectsfrom the appro-
priate Web sener, distills themto the requestedidelity level, and
sendsheresultsto thewarden.Thedatais thenpassedo Netscape
via the cellophane.Thesestepsare completelytransparento both
Netscapandthe Websener; eachpercevesnormalWebaccess.

Netscapexemplifiesthe unfortunatereality that sourcecodeis
not publicly availablefor a gronving numberof importantapplica-
tions. Codeinterpositioning the approachdescribedabove, repre-
sentsonly oneway for suchshrink-wrappedpplicationgo benefit
from Odyssg. Otherpossibilitiesincludestaticbinaryrewriting of
executableanddynamicmodificationof systemcalls.

5.3 SpeechRecognizer

Speechrecognitionoffers considerablepotentialas well as chal-
lengefor mobile computing. It is especiallyusefulwhen mobile
becausdt leavesthe users handsand eyes free for other activi-
ties suchasdriving [33]. However, the resourcerequirementgor
high-accurag speeclrecognitionare substantialespeciallywhen
mobile, sincebackgrounchoiseis oftenhigh. Adding higherlevel
semanticprocessing such as languagetranslation,leadsto even
greaterdemand®n computingresourcesThis combinationof op-
portunity andchallengeed usto implementspeechrecognitionas
an Odyssg application,even thoughit falls outsideour primary
domainof mobileinformationaccess.

Client
Viceroy :
: Remote
Sp eech Qdyssey RPC Janus

Front-End | A%/

Server

Speech
Warden

RPC

Local
Janus
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Figure6: SpeechRecognitionn Odyssg

Figure 6 illustrates our support for speechrecognition in
Odyssg. The starting point for this implementationis a speech
recognitionsystemcalled Janus[40], whosesourcecodeis avail-
ableto us. We have split this systeminto a client andsener, and
constructech speechwarden. The sener acceptdwo forms of in-
put: araw utteranceor anutterancdhathasalreadybeenprocessed
by thefirst of severalphase®f Janus.This pre-processingieldsa
compressiomatio of approximatelys:1 atmodestCPU cost.

The speechront-endcapturesa raw speechutteranceandthen
writesit to anobjectin the Odyssg namespacelThewarden,using
the currentbandwidthestimate decideswhetherit is fasterto per
form the first passof the recognitionon thelocal, slower CPU, or
to shipthe larger, raw utteranceto the sener. In the extremecase
of disconnectionthe local Janusis capableof recognizingthe ut-
teranceput at a severe CPUandmemorycost. Whenthe utterance
is recognizedthe resultingtext is madeavailableto the front-end
througha r ead operation. We are currently refining our imple-
mentationto supportmultiple levels of recognitionfidelity.

6 Evaluation

Threecentralquestiongrove our evaluationof Odyssg:

e How agileis Odyssg in the faceof changingnetwork band-
width?

e How beneficialis it for applicationsto exploit the dynamic
adaptatiormadepossibleby Odyssg?

e How importantis centralizedresourcemanagementor con-
currentapplications?

In posingthesequestionsfwo secondaryquestionscometo light.

First, how shouldthe conceptof agility be quantified? Second,
what experimentalmethodologyshouldwe useto obtain agility

metrics?We addresshesesecondaryguestiondirst, in Section6.1,

andpresenbur answergo the primary questionsn Section6.2.



6.1 Evaluation Strategy

6.1.1 Agility Metrics

Our approachto quantifying agility dravs upon well-established
principlesfor measuringlynamicresponsérom thefield of control
system#$4, 29]. Theacceptegbracticein thatfield is to characterize
theadaptve ability of a systemwith respecto a particularoutputin
termsof its response$o a setof input refeencewaveforms Each
referencavaveformis conceptuallysimple,yet greatlystresseshe
adaptve ability of the systemby varying the input in somesharp
andsubstantiamanner

(a) Step-Up (b) Step-Davn

(c) Impulse-Up (d) Impulse-Davn

The Step-Upand Step-Davn waveformsareeach60 seconddong,
with asingle,abrupttransitionatthe midpoint. The Impulse-Upand
Impulse-Davn waveformsareapproximationgo theidealimpulse,
which is a spike of infinitesimalwidth andinfinite height. We ap-
proximatethe idealwith two-secondwide excursionsin the middle
of a 60-secondperiod. Our choiceof parameterdor thesewave-
formsis basednour estimateof thebasicnetwork time constant®f
typicaldistributedsystemgoday: 30 secondshouldbelongenough
for a systemto reachsteadystateafter a bandwidthperturbationa
2 secondperturbatioris large enoughto be detectabléy a sensitve
systemyet smallenoughto be missedby aninsensitve one.

Figure7: ReferencéVaveformsfor Agility Experiments

Figure7 illustratesthe referencewaveformsusedin our evalu-
ation. Althoughthesewaveformsareidealized,approximationso
themcanoccurin practice. The stepwaveformscanarisein over-
lay networks,whereamobileclientmayseamlessigwitchbetween
differentnetwork interfaces. Further virtual radiossuchas Spec-
trumWare[36] may allow sharpbandwidthdegradation. Impulse
waveformscanariseasa resultof frequenttransitionsin eitherof
thesesituationsor in the presenc®f bursty backgroundraffic.

6.1.2 Experimental Methodology

Generating DiscontinuousWaveforms To subjectOdyssg and
its applicationgto thesereferencewvaveforms,we needto generate
sharpdiscontinuitiesin network bandwidth. Accomplishingthis
in a repeatableand reliable manneris extremely difficult on ary
real network or combinationof networks. We solve this problem
throughatechniquecalledtracemodulation[25, 32).

Tracemodulationperformsapplication-transparemulationof
aslowvertargetnetwork overafasterwired LAN. It isimplemented
in two parts:alayerinsertedn theprotocolstackbetweerthetrans-
portandnetwork layers,anda userlevel daemon.The addedayer
delaysall traffic into and out of the modified hostaccordingto a
simplelinearmodelcombininglateny andbandwidth-inducedle-
lays. The daemonreadsa list of model parameterscalled a re-
play trace, from a file and feedsit to the delay layer We have
createdsyntheticreplaytracesto obtainthe bandwidthvariations
correspondingo thereferencevaveforms.

Inter preting Results Since Odyssg applicationstrade fidelity

for performance jnterpretingthe resultsof experimentsrequires
somecare. In comparingtwo stratgies,oneis strictly betterthan

theotherif it providesbetterfidelity with comparablgerformance,
or betterperformancavith comparabldidelity. In othercasesthe

comparisormusttake into accounthe applications goals.

Thesecomparisonareclearlydependendnthechoiceof fidelity
metrics.However, sinceonly relative comparisongremadewithin
a single application,the only requiremenibn fidelity is thatit be
strictly increasingasthe quality of presentediataincreases.

6.1.3 Experimental Conditions

All of our experimentsusedidenticalhardware and software con-
figurations:a single90 MHz Pentiumclient with 32 MB of mem-
ory, anda collectionof 200 MHz PentiumPro senerswith 64 MB
of memory Thesemachineswere runninga NetBSD 1.2 kernel
customizedto include Odyssg and trace modulationextensions;
modulationwasperformedat the client.

The bandwidthlevels encodedin our modulationtraceswere
choserwith two constraintsn mind. First,they mustbereasonably
achieved on currentwirelesshardware. Secondthey mustprovide
for interestingrradeofs whenrunningour sampleapplications We
chosel20 KB/s (kilobytes per second)and 40 KB/s for the high
andlow bandwidthlevels. The protocolroundtrip time measured
onour setupwas21 msfor bothbandwidths.

6.2 Experimental Results

6.2.1 How Agile is Odyssey?

In orderto allow applicationgo make intelligenttrade-ofs between
performanceand quality, Odyssg musttrack changesn boththe
supply of and demandfor network bandwidth. BecauseOdyssg

may often be usedin weakly-connecte@rnvironments,we rely on

purely passve obserationsratherthanan active approachsuchas
that suggestedy Kesha [17]. Theseobserationsareloggedby

ouruserlevel RPCmechanisnj24] whichis implementecdn UDP.

This mechanisntombinesa corventionalRPC protocolfor small
exchangewith a sliding-windaw, selectve-acknavledgemenpro-
tocol for bulk datatransfer Eachdistinct endpointhasits own

log, andobsenationsfor differentendpointsarerecordedndepen-
dently

Log entriesareof two kinds: roundtrip entriesthatarerecorded
for small exchangesand throughputentriesthat arisefrom bulk
transfers. Eachroundtrip entry recordsthe time, T+, to senda
requesto a sener andreceve aresponselesssener computation
time. EachthroughputentryrecordsT,;», whichis eitherthetime
for areceverto requestandreceve awindow’s worth, D, of data,
or for a senderto transmitthat dataandreceve an acknavledge-
ment. Roundtrip andthroughputestimatesare both smoothedby
theviceroy usingthefollowing equation:

new = a(measureyl+ (1 — a)(old) (1)

Ourimplementatiorusesana of 0.75for roundtrip time,and0.875
for throughput.

To obtaina bandwidthestimate ,we obsene that the transmis-
siontime for D bytesis T,:, minusthetime for transmittingthe
acknavledgementor the time to transmitthe request. Assuming
symmetricaldatarates,both of theseare T,+: /2. This yields the
following expressiorfor bandwidth:

. D
B= Twin - (Trtt/2) (2)

Noisein roundtrip estimatesanseverelyimpactbandwidthes-
timates;to discountanomalousncreases roundtrip time, we cap
the percentageise possibleat eachestimate. This hasthe effect
of erring on the side of cautionand underestimatindpandwidthin
certainsituationsput eliminatesanomaliesntroducedby our user
level implementation.

Theviceroy collectsinformationfrom all logsto estimatetheto-
tal bandwidthavailableto the client. It thenestimateghe fraction



of this bandwidthlikely to be availableto eachconnection A con-

nectionestimatds composeaf two parts:acompeted-fopartpro-

portionalto recentuse,anda fair-shae partreflectingan expected
lower bound.

Varying Supply To measureagility with respectto bandwidth
supply we ranasyntheticOdyssg application bitstream thatcon-

sumeddataasfastaspossiblethrougha streamingwardenover a

single connectionfrom a sener. During datatransfer we varied

network bandwidthin accordancevith thereferencevaveformsof

Figure7. To ensurethatthe systemwasin steadystate we primed

it for thirty secondsprior to obsenation. The bandwidthestimated
by Odyssg for eachwaveformis shavn in Figure8.

Figure 8(a) shawvs that Odyssg demonstrategxcellent agility
on the Step-Upwaveform by detectingits bandwidthincreaseal-
mostinstantaneously The secondgraph, Figure 8(b), shawvs that
agility onthe Step-Davn waveformis not quiteasgoodason Step-
Up. The settlingtime for this waveform — the time requiredto
reachandstaywithin the nominalbandwidthrange— is 2.0 sec-
onds. The slower dowvnward transitionis causedby the fact that
we generate throughputestimateonly at the endof a window of
data. If bandwidthfalls abruptlywhile a large window of datais
beingtransmittedthe dropis not recordeduntil the last paclet of
thewindow arrives.

Figures 8(c) and 8(d) shaw agility for the Impulse-Up and
Impulse-Davn waveforms. The leadingedgeof the upward im-
pulseis accuratelytraced but thetrailing edgehasa noticeableset-
tling time. The downward impulseis too shortfor estimationto
settleaccuratelyandthereis againa noticeablesettlingtime onthe
trailing edgeof theimpulse.

Varying Demand We next examineagility with respecto band-
width demand We begantheseexperimentswith asinglebitstream
applicatiorrunningonaclient. As before we primedthesystenfor

thirty secondgo ensurethatit wasin steadystatebeforebeginning
obsenration. After thirty secondof obsenation, we introduceda
second,identical bitstreamclient. To study sensitvity of the re-

sultsto offeredload, we repeatedhe experimentswith eachappli-

cationattemptingto consumel0%,45%,and100%of thenominal
throughput. All experimentswere conductedat the higherof our
two modulatedbandwidths.

Figures9(a)-9(c)shaw theviceroy's estimatiorof thebandwidth
availableto thetwo competingstreamsIn all experimentsthesec-
ond streamcausessometransienteffectswhenit is started. This
transientis muchmore pronouncedn the two higherload experi-
ments;in thefull-utilization caseit takesalmost5 seconddo settle
backto thenominalvalue.

At low utilization, the secondstreamreachests nominalvalue
almost immediately; in the other two cases,this takes longer
Higherratesof consumptiorby thefirst streamgive it moreweight
comparedto the startupof the secondstream. Hence, the first
streamis given more of the competed-fobandwidthuntil the sec-
ondstreamhasestablishedtself.

6.2.2 How Beneficialis Adaptation?

We next comparehe performanceandfidelity of adaptve applica-
tionsusingOdyssg with versionsof theseapplicationsusingstatic
policies. In this comparisonwe represenfidelity asa numberbe-
tweenzeroandonethatindicates,in an application-specifienan-
ner, the quality of datadelivered.

In ourexperimentseachapplicationexecutedhesameworkload
usinganadaptve stratgy aswell asonefixed stratgy perfidelity
level. Eachexecutionwasrepeatedor all thereferencevaveforms.
As before we primedthe experimentwith athirty secondperiodof
constanbandwidthto eliminatestartuptransients.
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This figure shavs the agility of bandwidthestimationin the faceof

varying supply Eachgraphmeigesthe resultsfrom five trials, and

eachbandwidthobsenration is representedby a single dot on the

graph. The dashedines representhe theoreticalbandwidthof the

emulatechetwork, asspecifiedby the synthetictracesusedfor emu-
lation. Thedottedlinesarethemeasurednstantaneouthroughputs
obtainedusinga large bulk transferbetweerclient andsener. Ide-

ally, all samplesvould lie betweerthedashedanddottedlines.

Figure8: SupplyEstimationAgility
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This figure shavs the agility of bandwidthestimation;notethatwe

measureavailability, not consumption.The uppercurwe is thetotal

estimatedandwidththeloweris thebandwidthavailableto thesec-
ondstreamwhich startsafter30 secondsThe pairsof straightlines

shav the nominalrangesfor eachcurwe; a perfectly agile system
would always shav the upperandlower curveswithin their respec-
tive pairs. Eachgraphdepictstheresultsof fivetrials. Thesolidlines
shav averagesandgrayregionsshav the spreacdbetweerobsered

maximumandminimumvalues.

Figure9: DemandEstimationAgility

Video Player We comparethe adaptve behaior of the Odyssg
video player to three fixed policies: always JPEG(99),always
JPEG(50),and always black-and-white. The higher bandwidth
is suficient to fetch JPEG(99)frames. At the low bandwidth,
JPEG(50)framescan be fetchedwithout loss. All mavie tracks
are encodedat ten framesper secondwith 600 framesto display
duringeachtrial.

JPEG(99framesareassigned fidelity of 1.0,JPEG(50)rames
have afidelity of 0.5,andblack-and-whitdramesafidelity of 0.01.
Thefidelity for a singleexecutionof xanimis the averagefidelity
of framesdisplayed.Thusamavie with half of its framesdisplayed
from eachof thetwo besttrackswould have afidelity of 0.75. The
performancenetricis framesdropped.Xanim’s adaptatiorgoalis
to play the highestquality possiblewithout droppingframes.Other
applicationsmight choose,instead,to presere frame quality but
reducetheframerate.

Figure 10 summarizesthe results of the xanim benchmark.
In both Step waveforms, roughly half the framesdisplayedby
Odyssg areJPEG(50frames,andtheotherhalf JPEG(99¥rames.
For Impulse-Up,Odyssg shavs only JPEG(50)frames,and for
Impulse-Davn almostall JPEG(99)frames. Thus, the adaptive
xanimnearlyalwaysdisplaysthe optimal quality frame.

For all waveformsotherthanImpulse-Up,Odyssg achieves a
much betterfidelity than JPEG(50),with only a modestincrease
in droppedframes. For all waveformsotherthanImpulse-Daevn,
Odyssg dropsmary fewer framesthanthe JPEG(99)strateyy by
reverting to JPEG(50)framesat low bandwidth. For Impulse-
Down, Odyssg is indistinguishabldrom the JPEG(99ktratayy.

In the adaptve stratgy, droppedframesoccurprimarily during
thedownwardbandwidthtransitions It takesatleastonedatatrans-
fer for Odyssg to noticethedropin bandwidth andthattransferis
fetchinghigh-qualityframes which aredestinedo belate.

Web Browser For the Web browser experimentswe repeatedly
fetcheda 22KB imageasfastaspossible.To presere experimental
control,theimagewasstoredon a Web sener on the testnetwork,
with adistillation sener interposeetweerthe clientandthe Web
sener. The cellophanecould chooseoneof four levels of fidelity:
original quality or JPEGcompressiorat quality levels 50, 25, or
5. Thefidelity of eachof theselevelsis 1.0, 0.5, 0.25,and 0.05
respectiely. Thefidelity for an experimentis the averagefidelity
of all imagesfetchedin thatexperiment.

Theperformancametricis the averagetime to fetchanddisplay
an imageduring an execution. For the baselineagainstwhich to
comparewe executedthetraceon anunmodified privateEthernet.
OurWebclient'sadaptatiorgoalis to displaythe bestqualityimage
that canbe fetchedwithin twice the Ethernettime, in this case0.4
seconds.With this goal, full-quality imagescanbe fetchedat the
high bandwidth.At low bandwidthJPEG(50)s the bestpossible.

Figure 11 summarizeshe resultsof the Web benchmark. The
static stratgyy of fetching full-quality imagesonly meetsour per
formancegoalsin the Impulse-Davn case.This is not surprising,
asmostof thattraceprovidessufiicient bandwidthfor full-quality
images. In contrast,0dyssg meetsour performancegoal in all
casesanddoesso at betterquality thanary of the suficiently fast
static stratgies. In the Impulse-Upcase,Odyssg is fooled into
fetching betterquality imagesfor a brief period by the impulses
transientincreasen bandwidth.

SpeechRecognizer Forthespeeclhexperimentsywerecognized
single,shortphrase repeatingthe recognitionasquickly aspossi-
ble. Sincethe quality of recognitiondoesnot vary, the only inter-
estingmetricis the speedwith which recognitionstake place.Fig-
ure 12 givestherecognitiontimesfor the threepossiblestratgies:
alwayshybrid, alwaysremote ,andadaptve.

At the bandwidthsin our referenceraces,hybrid translationis
alwaysthe correctstratgly whenspeecthis the soleapplication.As
Figure 12 shaws, Odyssg duplicatesthe always-hybridstrateyy.
We have confirmed throughexperimentsot reportedhere,thatat
higherbandwidthsanadaptve stratgy hasbenefits.

6.2.3 How Important is Centralized Resource Management?

Finally we examine the usefulnessof Odyssg’s centralizedre-
sourcemanagementWe do this by comparingOdyssg with two
formsof uncoordinatedesourcenanagementyith all threeappli-
cationsconcurrentlyrunning on the muchlonger syntheticwave-
form shavn in Figure13.

As a basisof comparisonwe modified the viceroy to support
laissez-faie resourcemanagementrather than combininginfor-
mationfrom all logs asin Section6.2.1, eachlog is examinedin
isolation. This reflectswhat applicationswould discover on their
own: informationis lessaccuratethan that globally obtainedbut
with similar delaysin discovery.



B/W JPEG(50) JPEG(99) Odyssg
Waveform Fidelity=0.01 | Fidelity=0.5 | Fidelity=1.0

Drops Drops Drops Drops Fidelity
Step-Up 0 (0.0) 3 @198 169 (0.8) 7 (22 0.73 (0.01)
Step-Davn 0 (0.0 5 @2 169 (2.4) 25 @©®9 0.76 (0.01)
Impulse-Up 0 (0.0) 3 (07 325 (4.3) 23 (7.4 050 (0.01)
Impulse-Davn 0 (0.0 0 (0.0 12 (57 14 (65 0.98 (0.01)

This tablegivesthefidelity andnumberof framesdroppedby xanimundervariousstratgiesfor eachof the four referencevaveforms. Note
thatlargerfidelity valuesrepresenbetterquality, while fewer droppedframesindicatesbetterperformance Eachobsenrationis the meanof
five trials, with standarddeviationsgivenin parenthesed\oticethatOdyssg achieesfidelity asgoodasor betterthanthe JPEG(50tratgy
in all casesbut performsaswell or betterthanJPEG(99)within experimentalerror.

Figure10: VideoPlayerPerformancandFidelity

JPEG(5) JPEG(25) JPEG(50) Full Quality Odyssg
Waveform Fidelity =0.05 | Fidelity =0.25 | Fidelity=0.5 | Fidelity=1.0

Time(s) Time(s) Time(s) Time (s) Time (s) Fidelity
Ethernet — — — 0.20  (0.00) — —
Step-Up 0.25 0.01) | 0.30 (0.01) | 0.29 (0.01) | 0.46 (0.01) | 0.35 (0.05) 0.78 (0.08)
Step-Davn 0.25 0.01) | 0.30 (0.01) | 0.29 (0.01) | 0.46 (0.00) | 0.35 (0.03) 0.77 (0.04)
Impulse-Up 0.27 0.01) | 0.33 (0.01) | 0.34 (0.00) | 0.71  (0.00) | 0.42 (0.06) 0.63 (0.08)
Impulse-Davn | 0.24 0.01) | 0.27 0.02) | 0.29 (0.01) | 0.34 (0.01) | 0.36 (0.02) 0.99 (0.01)

Thistablegivesthefidelity andaveragetime for Netscapéeo fetchanddisplayourtestimageundervariousstratgiesfor eachof thefour refer
encewaveforms. Notethatlarger fidelity numbergepresenbetterquality, while smallertimesindicatebetterperformanceEachobseration
is themeanof five trials; standardleviationsaregivenin parenthesed\oticethatOdyssg achieesa betterfidelity thanJPEG(50)n all cases
and,unlike thefull-quality stratgy, meetsour performanceyoal within experimentakerrorfor all cases.

Figurell: WebBrowserPerformancandFidelity

RecognitionTime (sec.)
Always Always
Waveform Hybrid Remote Odyssg
Step-Up 0.80 (0.00) | 0.91 (0.00) | 0.80 (0.00)
Step-Davn 0.80 (0.00) | 0.90 (0.00) | 0.80 (0.00)
Impulse-Up 0.85 (0.00) | 1.11 (0.00) | 0.85 (0.00)
Impulse-Davn | 0.76 (0.00) | 0.77 (0.00) | 0.76 (0.02)

This 15-minutesynthetictracemodelsthe bandwidthvariationseen
by auserwalkingthroughahypotheticalirbansetting.Eachnumber

This table givesthe averagetime, in secondsfor a recognitionby
thespeechapplicationfor eachof thetwo staticstratgiesaswell as
theadaptve stratgy for eachof thefour referencevaveforms.Each
obsenrationis themeanof five trials. Standardleviationsareshovn
in parenthesedNote thatOdyssg correctlyreproduceshe always-
hybrid casewhichis optimalat our referenceébandwidthlevels.

Figurel2: SpeectRecognizePerformance

One could also imagine the networking layer of an operat-
ing systemimmediatelynotifying applicationsvhenswitchingbe-
tweennetworking technologies.We have implementedhis strat-
egy, whichwe call blind-optimismby passinghetheoreticaband-
width to the viceroy at eachtransitionvia an upcall. The viceroy
thennotifiesary interestedapplications. This informationis less
accuratéecausét doesnotreflecttheimpactof ary otherapplica-
tions, but is deliveredwithout the delayof bandwidthdiscovery.

Figurel4 presentsheresultsof this experiment. Thefidelity and
performancenetricsaswell asthe applicationgoalsfor this exper
imentarethesameasin Section6.2.2. Themessagef Figurel4dis
that Odyssg's centralizedresourcesstimationprovidessignificant

indicateghetime durationof thecorrespondingggmentin minutes.
Thehighandlow bandwidthsareasindicatedin Section6.1.3.The
userbegins well-connectedut soonentersa region of intermittent
quality. Shethenentersheradioshadav causedy alargebuilding,
andfinally returnsto goodconnectity.

Figure13: BandwidthVariationin UrbanScenario

benefitsover both laissez-faie and blind-optimism. By correctly
accountingfor bandwidthcompetition,the Odyssg Web browser
andvideoplayerfetchdataatlower fidelity, thusenablingall appli-
cationsto comemuchcloserto their performancegoals. Odyssg

dropsafactorof 2 to 5 fewer framesthanthe otherstrategies,and
Web pagesareloadedanddisplayedroughly twice asfast. There-
sultingdecreas network utilizationimprovesspeechrecognition
time aswell.

7 RelatedWork

To the bestof our knowledge,Odyssg is thefirst systento simul-
taneouslyaddresghe problemsof adaptatiorfor mobility, applica-
tion diversity andapplicationconcurrenyg. It is thefirst effort to
proposeandimplementanarchitecturdor application-avareadap-



Video Web Speech

Drops Fidelity Seconds Fidelity Seconds

Odyssg 1018 @48.6) 0.25 (0.00) | 0.54 (©.02) 0.47 (0.01) | 1.00 (0.01)
Laissez-Bire 2249 (80.2) 0.39 (©.01) | 0.95 (0.03) 0.93 (0.01) | 1.21 (0.01)
Blind-Optimism | 5320 (23.3) 0.80 (0.00) | 1.20 (0.00) 1.00 (0.00) | 1.26 (0.02)

This tabledemonstratethe benefitof Odyssg’s centralizedresourcenanagemeniby comparingit to two implementation®f uncoordinated
resourcemanagementThe fidelity and performancemetricsfor this experimentarethe sameasin Figures10—12. Notice thatby degrading
thefidelity of fetchedvideoandwebdata,Odyssg comescloserto eachapplications performanceyoalsby factorsof 2-5. Suchatrade-of is
madepossibleby Odyssg's moreaccurateestimationof bandwidthavailableto eachapplication.Eachobsenrationin thistableis the meanof

five trials, with standardieviationsgivenin parentheses.

Figure14: PerformancendFidelity of ConcurrentApplications

tationthatpayscarefulattentionto the needsof mobile computing.
The identificationof agility asa key attribute for mobile systems,
andthe first approachto evaluatingit, have both occurredin the
context of Odyssg.

At thesamdime, Odyssg hasbenefitedconsiderabljrom much
previous work. A substantialdebtis owed to Coda, which first
demonstratethatclientresourcesouldbeeffectively usedto insu-
lateusersandapplicationsrom the vagariesof mobileinformation
access.The stratgy of tradingloweredconsisteng for improved
availability wasshawn to be effective andusableby Codaandre-
latedsystemssuchasFicusandBayou. It wastherecognitionthat
consisteng representea particulardimensionof the broadercon-
ceptof fidelity thatled to the designof Odyssg. Many aspectof
theOdyssg prototype suchasits implementatiornn userspaceand
its useof a log-basedmechanisnfor monitoring network quality;
werebasedn positive experiencewith similar stratgiesin Coda.

Marny systemgogethersened asa backdropto our thinking on
fidelity: the Rover toolkit; mobile Web software such as Mobi-
saic[39] and W4 [2]; software embodyingconceptssuchas dy-
namicdocumentg$14] anddistillation [7]; commercialemail pack-
agessuch as Eudora; and numerousPDAs and poclet organiz-
ers. Examinationof thesesystemsalso helpedus identify an es-
sentialmissingingredientin all of their designs: effective man-
agementof scarceresourcesacrossmultiple applications. These
systems,n conjunctionwith Coda, helpedus formulate our tax-
onomyof adaptatiorstratglies— laissez-faie, application-avare,
andapplication-transparent.

Theissueof resourcaesenationandguaranteele attheheart
of real-timesystemg23], andhave becomeimportantin high per
formancenetworking[8]. Thesecommunitieshave recentlyapplied
resenationtechniqueswith two changesto mobileclients[20, 26].
First, ratherthanreservinga particularquantity of a resourcethey
resene arange;the underlyingsystemtransparenthadaptswithin
therange. Secondjf therangeis exceededr the client moves,a
rengotiationinvolving someor all of the end-to-endpathis initi-
ated.

In contrastto thesesystemsQOdyssg abandonghe resenation
modelentirely; eitherthe resened boundswould be sowide asto
degeneratéo application-transpareatlaptationgr costlyrenegoti-
ationson behalfof amobile hostwould betoo frequent.Framedas
anend-to-enatonsiderationyltimateresponsibilityfor copingwith
changesn resourcdevelsresideswvith applicationsOdyssg’srole
is only to improve efficiengy, agility andfairnessby insulatingap-
plicationsfrom insignificantvariationsin resourceevels, and by
providing afocal pointfor resourcemonitoringandallocation.

Recentadaptve systemssuchasMcCannes RLM [21] andIn-
ouyesvideoplayer[12], emplog feedback-dxenadaptatiorrather

thanOdyssg’'s measurement-baseghproach.Suchsystemsscale
back quality, and henceresourceconsumptionwhen application
performanceis poor, and they attemptto discoser additional re-
sourcesby optimistically scaling up usage. Using application-
specificfeedbackrelieves suchsystemsof the needto calibrateto
individual resourceshut this feedbackis perapplication. As this
paperhasshavn, this kind of laissez-faie approachdoesnot pro-
vide for applicationconcurreng, eventhoughit workswell for in-
dividual applications.Further attemptso increaseesourcaisage
amountto active ratherthan passve resourcemonitoring,a ques-
tionablestratgyy whenbandwidthis scarce.

Finally, theinstallationof piecesof codeatlow levelsof thesys-
temto encapsulatspecializeknowledgeaboutdifferentdatatypes
is a commonpracticein database§l0]. The primary purposeof
suchcodeis to improve disk managementThe useof wardensin
Odyssg resembleshis practice put differsin thatwardenssupport
multiple fidelity levels.

8 Future Work

We seemary short-, medium-,and long-termtasksaheadof us.

The prototypeimprovementsalreadyalludedto will constituteour

short-termtasks. Specifically we intendto incorporateadaptation
for objectsotherthanimagesin the Webapplicationof Section5.2.

We also plan to add supportfor multiple levels of fidelity in the

speeclapplicationof Section5.3.

In the mediumterm, we planto enhancehe prototypeandgain
experiencewith it in real use. First, we will broadensupportfor
resourcananagemerntbo thefull rangeof resourcesn Figure3(c),
andcorrespondinglyexpandthe scopeof our evaluation. This will
enableOdyssg to supporta broaderclassof applicationsmaking
it attractve asa platformfor serioususe.We thenexpectto deploy
Odyssg to asmallusercommunity andto gainempiricalfeedback
to complemenbur evaluationthroughcontrolledexperiments.

Our long-termplansaremorespeculatre. Currently we expect
to work in threebroadareas:

e Thespeechapplicationof Section5.3suggestsheimportance
of beingableto dynamicallydecidewhetherto ship dataor
computation. This capability is currently provided in an ad
hocmanneby thespeectwarden.ExtendingOdyss# to pro-
vide full supportfor decidingbetweendynamicfunction or
datashippingwould enableusto morethoroughlyexplorethis
tradeof in mobilecomputing.

e Seach of distributedrepositoriegperformspoorly whenmo-
bile becausét lacksthe temporallocality neededor caching
to be effective in compensatindor poor bandwidth.We plan



to explore a solutionthat usesdynamicsets[34, 35] in con-
junctionwith supportfor dynamicfunction versusdataship-
ping.

e Thedesignof adaptie mobilesystemss currentlyablackart.
Developing systematigrinciplesfor their design,aswell as
techniquedor analyzingtheir agility andstability beforethey
arebuilt, would bevaluable.

9 Conclusion

Theneedfor adaptatiorin mobileinformationaccesss nowv widely

acceptedin this paperwe putforth theview thatapplication-avare

adaptationoffers the most generaland effective approachto ad-

dressinghis need. The essencef our approachs a collaboratve

partnershibetweerapplicationsandthe systemwith a clearsepa-
rationof concernsWe arguethatpreviousapproacheto adaptation
representimiting casef this generalpproach.

The Odyssg architecturesupportsapplication-avare adaptation
while paying careful attentionto a variety of practicalconsidera-
tions. Our prototypeconfirmsthefeasibility of realizingthis archi-
tecture,andits ability to supporta wide rangeof applications.Our
evaluationidentifiesagility asa key enablingattribute of anadap-
tive systemdescribediow to measuret, andreportson the agility
of the Odyssg prototype. The evaluationconfirmsthat the pro-
totypedoesa goodjob of balancingperformancendfidelity, and
confirmsthe importanceof centralizedresourcemanagementAt
the sametime, it suggestavenuedor furtherimprovement.Over-
all, Odyssg promisesto be a versatileand effective platform for
furtherresearchn mobile computing.
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