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Mobility coupledwith the developmentof a wide variety of accesdevices
has engendeed new requirements for HCI such as the ability of user
interfacesto adaptto differ ent contexs of use.We definea contex of useas
the setof valuesof variablesthat characterise the computational device(s)
used for interacting with the systemas well as the physical and social
ervironment where the interaction takesplace. A user interface is plastic
if it is able to adapt to context changeswhile presewring usability. In this
paper, we presenta processand a softwaremechanismthat support context
changedor plastic userinterfaces. We proposeto structur eadaptation asa
thr ee-sep process:recoqiition of the situation, computation of a reactian
to copewith the situation, and executon of the reacion. Reactionsare
specifiedin an evolution model which, in turn, is execued by a context
supelvisor. This supewisor is notified of context changesby a software
probe that automatically detects deviations from the current situation.
When notified, the supervisor executesthe evolution model, and, when
possible,adaptsthe userinterface to the new contex of use.

Keywords: humancompuer interadion, plasticity, adapation,contet of use,
platform environment.

Intr oduction

Recentyearshave seenthe introduction of mary typesof accesglevicesincludng
PersonalDigital Assistants(PDAs) and molile phores (cf. Figure 1). Systems
like CyberGude (Abowd et al., 1996) the office assistan{Yan & Sellker, 2000)
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Figure 1: A wide variety of accesslevices.

and Welbo (Anakuki et al., 20) all aim at providing the user with contet-
relevant information as the usermoves arourd. New interactiontechniqies are
being developedto suppot humantaskswhile hiding the compuer away. These
include transfaming the PDA into auniversalremotecontoller (Schilitetal., 1994),
transfering databetweenPDAs by picking and droping (Rekimdo, 2000), and
augnentingrealworld objectswith compuationalfacilities(Bérardetal.,200Q Lee
etal., 2000. Flexibility becoms moreimportant: whenthe batterygetslow, users
maywantto switchfrom their pottablePCto the PDA withoutlosingary corntextual
data. Similarly, they may wantto switch from the PDA to a wall-sizedelectrotic
white boardto shareinformationin a more efficient way with a colleage passing
by. Theseexamges demastratethat adaptéion of interactive systemso context
changsis beconing amajorissuein HCI.

In this article, we addessthe problem of adaptationto context changedor
plasticuserinterfaces (Thevenin & Coutaz,199; Calvary et al., to appeay. We
recallthe definition of our notiors of plasticityandcontect of use,thendescrile the
processanda softwaremectanismwe proposefor suppoting adaptatiorto context
changs. We illustratethe discussiorwith the EDF homeheatingcontrd systema
systemwe have developedaccordng to our plasticity-rdatedprinciples.

2 An Example: The EDF Heating Control System

A heatingcontrd systemallows usersto setthe level of comfort in the home for
different periads of the day. It also providesfacilities for programmirg standard
heatingbehaiour duringweelendsandvacatiors. The heatingsystemis cortrolled
with a dediatedwall-mouwnted device. EDF (the FrenchElectricity Compayry) is
willing to offer new interadion modalitiesusinga variety of accesslevicessuitable
for differert environmernts.

Thevarious contets of useervisionedby EDF include:

e At home,usinga PDA comectedo awirelesshome-net.
¢ In theoffice, with awebsenerrunring on a standad workstatian.
e Anywherewith a WAP-enablednobilephme.

Clearly, the userinterfaceof the heatingcontrol systemcannd be the same
for every accesdevice: the variation of interactimal resoucesrequites specific
solutiors. Figure2 shavs threeversiors of the system:
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Figure 2: a) Large screen.The temperatureof all the roomsof the homeare availableat a
glance;bl andb2) Smallscreen.Thetemperaturef a singleroomis displayedatatime. A
thumbnal or amenuallows theuserto switchbetweerrooms.

¢ InFigure2a,thesystenmdisplaysthecurrenttemperatte for eachof theroons
of thehousgthebedoom,thebathoom,andthelivingroom) Thescreersize
is largeenaughto make obserablethe entiresystemstate. The userdoesnot
needto navigatebetweertheroons.

e In Figures2bl & b2, the screenis too small to display the whole system
state. The temperatte of a singleroomis shavn at atime. In contrastwith
Figure 2a,thesystenstateis notobsenable, but brovsable(Gramé& Cockton,
199%). As a result, a thumiail must be introdwced to navigate between
the rooms (Figure 2b1) whereasin (Figure 2b2) navigation is basedon a
pull-donvn menu. The choicebetweenthe pull-down menuanda thurnbnail
dependson theshapeof the screeraswell asonthe nurmberof theroorns.

Figure 3 shaws the interactiontrajectoryfor settingthe temperatte of aroom
with a WAP-erabledmolile phane: On the left, the userselectsthe room (e.g.the
living room— le salon).In the centre the systemshaws the currert temperatte of
theliving room (i.e. 18°C). By selectingthe editing function (‘donnerordre’), the
useris ableto modify the curren settingsfor that particdar room(cf. theright most
picture)

Whencompaedto thesituationdepictedn Figure2a,two navigation tasks(i.e.
selectingtheroom thenselectingthe edit function) mustbe perfamedto reachthe
desiredstate.In additin, a title mustbe addedto every pageto remindthe userof
thecurrert locationwithin theinteractionspace.

Theuserinterfacesshavnin Figures?2 & 3 have beenproducedwith ARTStudio
(Calvaryetal.,to appear)atool for developing plasticuserinterfaces.
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Figure 3: Onmobilephores,screersizeaswell astheabsencef directmanipulatiorrequire
additionalarticulatorytasks:anavigationtaskto brovsetheroomsandataskto enterthe edit
mode.

3 Plasticity of User Interfaces

The term plasticity is inspired from the property of materialsthat expand and
contact under natual constraims without breakng, thus preseving contiruous
usage.Applied to HCI, plasticity is “the capacityof aninteractve systemto adapt
to chan@s of the cortext of usewhile preservig usability” (Thevenin & Coutaz,
199).

In this definition:

e A cortext of useis definedas the couple ‘Platform/Ervironmern’ where
Platform dendes the set of variablesthat characterisehe compuational
device(s) usedfor interading with the system. Typicdly, memay size,
network bandvidth, screersize,etc.aredeterminirg factors.Theervironmen
coversthesetof entities(e.g.objects persois andevents)thatareperipteralto
thecurrenttask(s)but thatmayimpactthe systemand/a theusers behaiour,
eithernow or in the future. Accordng to this definition,anervironmen may
encompassthe entireworld. In practice,the boundaryis setup by domain
analystswhose role is to elicit the entitiesthat are relevart to the caseat
hand.Thesenclude surrondingnoise lighting conditions, users andobjects
location,socialambierte, etc.

Adaptationis a reactionto context changs. Dependhg on the natue of
the chang, adaptatio may consistof remocelling the user interface (as
in Figure 2 when switchingto a smallerscreen). It may resultin a task
migration such as turning the heaton when the tempeatureis too low or
hiding confidential informationwhensomeoe getstoo closeto the owner's
screen. The adaptationis for the well beingof the user but is not targeted
at the users currert mentalstate. The useris supmsedto have a predefined
profile specifiedduring the early phaseof the developmentprocess.

Usability is preseved if the properties elicited at the designstagefor the
particular systemare kept within a precefined range of values. These
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propertiesmaybeselectedrom geneal HCI propertiessuchasthosedentified
in (Gramé& Cockton 199%).

In summary plasticity is a kind of adapation. It results from a
Situation—> Reactionproesswhere:

e Situation denots a contet chan@ (of the platform state and/or of the
environment)thatrequresareaction.

e Reactiorcorrespodsto theprocedirethatthesystemand/ortheuserexecues
to presere usability.

In the next sectionwe focus the discussioron the adaptatiorprocess.

4 The Adaptation Process

Plasticadaptatioris structued asa three-steprocess:recogition of the situation,
computationof areactionandexecuion of thereaction.

4.1 Situation Recognition
Recognisinghe situationincludesthe following steps:

e Sensinghecontet of use(e.g curren tempeatureis 22°C).
e Detectingcontext changs(e.g.temperatte hasraisedfrom 18°C to 22°C).

¢ |dentifying cortext changs (e.g. for the heatingcontol system,transition
from theregular context to thecomfortalbe context).

In turn, the idertification of context chargesmaytriggera reaction. Thereare
two geneal typesof trigger: enteringacontext andleaving a context. Schmidt(200)
suggests third type of trigger, not consideedin our discussionbeingin a context.
Triggesarecombinedwith the AND/OR logic operaors. For examge, ‘Leaving(C1)
AND Enteing(C2)’ is a trigger that expressesthe transitionfrom Context C1 to
Context C2. Having recoquisedthe situation,the next stepcorsistsof compuing
theapprgriatereaction

4.2 Computation of a Reaction

Thereactionis compuedin thefollowing way: Idertify candidateeactionsselect
oneof them,andapplytheselectedeaction.

o l|dertification of thecandidhtereactiors. Sofar, we planthefollowing geneic
reactios:

— Switch to andher platform and/o to differert ervironmenal settings
(e.g.switchfrom a portalle PCto a PDA asthebatterygetslow, or turn
thelight onbecaus¢heroomgrows dark).

— Useanotlerexecuablecode:thecurren userinterfaceis unaleto cover
the new contet. It cant moud itself to the new situationand,in the
meantimepresere usability.
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Figure 4: Graphicalrepresentatiomf migration costsbetweencontets. An arrov denotes
the existenceof a transitionbetweentwo contects. The thicker the arrow, the costlieris the

transition.

— Adapt the user interface but keep the same execuable code (e.g
switchingfrom Figures2a& b1whenthescreergetstoo cluttered.

— Execue specifictaskssuchasturningtheheaton. In thiscase adaptation
doesnot modify the presenttion of the userinterface but it mayimpact
thedialogLe sequene.

e Selectionof a canddate reactionaccoding to an acceptablanigraion cost.
Everyreactionhasa migration costthatexpressegheeffort thesystemand/or
the usermust put into this particdar reaction The effort is measuredas a
combirationof criteriaselectedn the earlyphaseof the developmentprocess.
Figure4 shavs agraplical represetationof migrationcostsbetweermultiple
contts. An arrowv dendesa poterial transition. The thicknessof anarrow
expresseghecost.In theexampe of Figure4, it is cheagrto switchfrom C1
to C2 thanto migratefrom C2 to C3. Thereis a potentialtransitionfrom C1
to C2,but thereverseis impassible.

e Theselectedeactionis now applied.

4.3 Execution of the Reaction
The exeaution of the reactionconsistsof a prdogue,the execution per s andan
epilogue:

e Theprdoguepremresthereaction Thecurrenttaskis completedsuspendd,
or aboted; the execuion cortext is saved (suchas the specificationof the
temperatte uncer modfication); if not readyfor use,the new versionof the
userinterfaceis producedon thefly (e.g.anew presetation,anew dialogle
sequencestc.).

e The executim of the reactioncorrespond to the comnutation to the new
version(e.g.thenew presetation,thenew dialoguesequencegr theexeation
of a specifictask).

e Theepilogie closesthe reaction. It includesthe restorationof the exeaition
contet (e.g.tempeaturesettingsyesumingof the suspenddtask).



Suppating Context Changesfor PlasticUser Interfaces 7

Eachone of the above stepsis hardled by the system,by the user or by a
cooperationof both. A stepoccursonthefly or offline. Whena stepis performed
offline, subseqgentstepsarealsoperformedoffline. Trarsition betweerstepaneans
transitionbetweerstates Transitionbetweerstatehasbeemanalysedincetheearly
developmeris of HCI. Normaris evaludion gap, Mackinay et al.’s (1991) use of
graphcal animatian for transfering cogritive loadto the percepualllevel, thenotion
of visual discontinity (Gram & Cockton, 1996 etc., have all demorstratedthe
importanceof transitions.A transitionbetweenwo platforms, betweerexeaitable
codesbetweeruserinterfacesgtc. is therebrea crucialpointthatdeseresspecific
research.

The processdescriled so far applies whether the user the systemor a
combnation of both performsadapation. In the restof the papey we concentrate
the discussioron system-haniéd adaptation For the reactionto be autanatic, we
suggestheimplemertation of thefollowing coneptsandmectanisms:

e The concep of a plasticity doman to identify the contets a particuar user
interfaceis ableto cover,

e An evolution modelthatspecifiesreactiors to cortext changes.
e A contet supervisofor handlirg adapation.

Thesdssuesarediscussedhext in moredetail.

4.4 Plasticity Domain and Plasticity Threshold

As definedabove, a plastic userinterfaceis ableto adaptto different contexts of
usewhile preseving usability. Figure5 makesexplicit the associatiorof a platform
with an ernvironmentto definea context of use. Given a particularapplication the
platforms and ervironmerns ervisionedfor this systemare ranked againstcriteria
computedfrom their attributes. For exampe, screersize,computationalpower and
commuication bandvidth, aretypicd attributesof the platforns planred for the
EDF contmol system.Usingtheseattributes,a PCwould berankedlower thana PDA
sinceit imposesfewer constraims on the userinterface. Similarly an ervironmen
with no noisewould be ranked lower thanan openareasuchasa streetif speech
recogition is plannel asaninteraction techrique. Then asshowvn in Figure5:

¢ the plasticity domainof a userinterfaceis the surfaceformedby all couges
‘platform/ervironment’ thatthis userinterfaceis ableto accomnodate;

¢ the bourdary of this surface definesthe plasticity threshold of the user
interface;and

e a plasticity discorinuity occurswhena changeof contet lies beyond this
boundary

For exampe, in Figure5, Context C1 is covered by the userinterfacewhereas
Context C2is outsideits plasticitydomain

The model-tasedapprach we apply for the developmen processof plastic
userinterfacegrovidesa soundframework for identifying theplasticitydoman of a
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Figure 6: Developmen procesof plasticuserinterfacegCalvary etal., to appear).

particdar userinterface.As shavn in Figure6, our framework for the developmen
of plasticuserinterfaces:

e builds uponknown mockls suchasthe corceptsandthe taskmodels;and

e introdwces new mockls that have been oveldooked or ignored to corvey
contts of use: the platfom, the interactors,the ervironmen and the
evolution modéds.

Thesemodelswhichseneasinputdescriptiosto thedevelopmen processare
called‘initial’. Theprocessisesacombnationof reification(verticd transfornation
shavn in the picture) andtranslation(harizontal transfamation not shavn in the
picture) to transfam the initial modelsinto transientmocels (i.e. the task-orented
descriptim, the abstraceandthe conceteinterfaces) until the final context-sensitie
interactive systemis produced.
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Theinitial modés canbereferencedat ary stageof thereification(trarslation)
process. Delayingthe refelenceto context models(i.e. the platform, ervironment,
andinteractas mocel) atlater stagesresultsin alarger plasticitydomain.

The evolution model, which is an initial model, has a specificrole in the
adaptatio process.We describét next.

45 The Evolution Model

The evolution mocel specifieshe reactionto be appliedwhenthe context changs.
For every triggering conditian, the desigrer may specifya prologue, a reaction and
anepilogle. For examge:

e Whenconrectingto anEthernefNetwork (triggeringcondtion), setthesystem
in ‘Office’ mode(readion).

o Whenmemay is tight, save the stateof theruming applicaionsaswell asthe
stateof the working documents(pradogue) rebmt the system(reactian) then
re-gpentheworking documents(epilogue).

Prologiesandepilogesaregoodlocationsfor specifyirg transitiors thathave
beentestedto alleviate discoriinuities betweencontext chamges. As mentiored
abore, the designof articulatory userinterfacesthatis, portiors of userinterfaces
dedicatedo transitionsbetweemomind situationsjs anopenissue.

The specificatios of the prdogue,aswell asof thereactionandthe epilogue,
areoptioral:

¢ If noprologueis specified no taskis executedbefae thereaction

e Similarly, if no epilogue is specified,no taskis executedafter the reaction
perse

¢ If noreactionis specifiedthe systemcomptesa reaction depenéhg on the
caseat hand(cf. Figure7).

In Figure?, considefTransitionC1— C2 andthefour possiblesituations:

e Casea: ClandC2belongtotheplasticitydoman of thecurrentuserinterface.
As a result, the current userinterfaceis plastic enoudp to cover the new
situation.

e Cased andc: C1landC2 belorg to different plasticitydomans. The curren
userinterfacedoesnot apply ary more. The setof userinterfacesthat cover
C2mustbeidentified In b thereis onesuchcandicgitewhereain c andc’ we
obseve multiple target userinterfacesjncluding the currentuserinterface(cf.
c).

e Cased: C2is not coveredby ary userinterface. The users taskis degraded,
nayimpossibleto perfam.
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Case a): C1 and C2 are covered by the same interface

FEnvironment

Platform

Case b): C1 and C2 are not Case ¢): C2 is covered by Case c'): C2 is covered by multiple interfaces
covered by the same interface multiple interfaces including the interface covered by C1
2; 2
Lnvironment h ‘nvironment Environn

Platform > Platform > Plalform=

Case d): No interface is able to cover C2
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Figure 7: Four situationswhen migrating betweencontets. In a) andc’), the currentuser
interfaceremainsvalid; in b) andc) the userinterfacemustbe changedin d) no userinterface
is ableto coverthenew context. In ¢) andc’), criteriamustbeusedto decidebetweemmultiple
targetuserinterfaces.

Whenthe new contet is supmrted by multiple userinterfaces (casesc and
¢’), criteriasuchasmigration costs,mustbe broughtto bearto guidethe selection
process.Casec’ deseresaddtional commeits: althoudh the currentuserinterface
remairs valid for C2,theadaptatiorprocessmaydecideto switchto a differentuser
interface (e.g.thatof C3) by anticipatingfurther context transitions Anticipationcan
be basedon a history mechaism that record contet transitiors alongwith their
migraion costsasthe userrunsthe systemacrossmultiple sessions.Considering
the transition C1—C2 with Figure 7¢’, the target userinterface may be selected
accordng to the following rule: if the history mechaism indicatesthatthe useris
verylikely to switchfrom C2to C3,andif themigratian costfrom C2to C3is known
to be high (asin Figure4), andif thereexists a targetuserinterfaceU that covers
bothC2andC3, thenit is sensibleo choosdJ whenswitchingfrom C1to C2.

In practice theevolution modé is notnecessarilymplemenedasacentalised
process. Instead,it may be distributedamorg the various userinterfacesdesigned
for theinteradive system.

Ouradaptatiorprocessstructuesthesolutionspacedor theprablemof adapting
user interfacesto contet chamges. In this space,a numker of researcher are
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concenedwith thedefinitionof thenotionof contet (Dey & Abowd, 2000; Salber
& Abowd, 1998). Othersare developing new sensingdevices suchasthe Smart
Floor (Orr & Abowd, 2000), smartlocalisers(Harteretal., 1999 andaudiosensors
(Clarksonet al., 1998) while software architectue modelsare being devised for

captuing contet at variows levels of abstractionDey et al., 199; Salberet al.,

1999 Schmidtetal., 1999. Basedon Salbers work (Salberet al., 199), we are

developing a programmirg mocel for capturirg the contet in termsof contextors

(Rey, 2001). In the following section,we addessthe detectionof context changs

usingaproke.

5 The Probe: a Software Mechanism for Detecting Context
Changes

We have implemened a probe for autonatically detectingdeviations in users
perfamanceand systemproperties(Calvary, 1998B). This probeis part of Catchlt
(Critic-basedAutomatic and Transpaent tool for ComputerHuman Interaction
Testing) that combnes both predictive and expelimental appoachesto usability
testing.We arere-usingthe principlesandmechanisnof the Catchltproke to detect
context changs.

5.1 The Catchlt Probe

As a predctive tool, Catchlt verifies that gereral system properties such as
obsenrability, are satisfiedby the system. As an expetimental tool, Catchltis
able to detectwhetter the actual users behaiour confams to the designes’
expedation. For doing so, designersspecify Situation — Reactim rules that
describausers’expectedbehaiours. For examge, If batterylevel getslow — switch
to anotter platform Fromtherulesspecification:

e Catchltpredctively checls the obserability of theconceps referedto in the
Situdion description (In our example if the batterylevel is not obserable,
thereis little chancehatthe userwill beawareof the situation).

¢ Whenthesystemis runwith subjectsCatchltexperimentallychecls whether
usersperform the expectedactions(e.g.switchingto anotler platform asthe
batterygetslow).

In the current implementation of Catchlt,situatiors areexpressedis Smalltalk
statementsThesestatementsnake referenceto the softwareobjectsthatimplement
theconceps relevantto the situation.For examge, PlatformBatteryLevel IsLowis
astatementhatreturrs a boolean valueto dende whetherthecurren powerlevel of
thebatteryis low or sufficient.

Based on the Situation — Reaction specification, spy statementsare
automaically insertedin the sourcecode of the applicationat the apprgriate
location The mechanisnis very similar to that of a delugger which modifiesthe
application codewithout the progammerbeingawareof it.

Following up our exampe, supmsethat:

¢ ClassPlatformhasanattribute Battery.
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Transparent Probe

/

Application

Figure8: Thecontet probenotifiesthe contect supervisowith context eventsthatmayresult
in context changes.

e Inturn,ClassBatteryhasanattribute Level.

e Method IsLow of the class Battery compares Level with a class variabe
Threshold

From the rule Platform Battery Level IsLow — switch to anaher platform,
Catchltis aware that Object Level of the battery must be traced. As a result,
evety methal of the source code that has write accessto a Level object is
modfied. Typically, write accessnethals includeinitialisation methals (initialise
and initialiseWith: aBattery and methals that modify an object attribute (for
exanple setLevel: aninteger of the classBattery).

Spy statementsyhichareinsertedatthevery endof every write accessnethod
of tracedobjects,divert code exeation and sendtraceeventsto a supevisor. A
traceeventcontainsthe type of thewrite accessnethal (i.e. creation modfication,
or destructiof, the methal namebeingdiverted andthe tracedobjed. In turn, the
supenisor takestheapprgriateactionbasedn thereactionpartsof thedescription
rules.

Although Catchltis intendedor usabilitytesting the proke mectanismapplies
to the detectionof contet changs. Figure8 illustratesthe principle of the context
probe.

5.2 TheProbefor Detecting Context Changes
In thefollowing discussionye supposéhat:

e Designersiave modelledthe cortext of usein termsof objectsthatdenotethe
platformaswell asthe ervironmert charateristicsfor the systemathand.

e Contet is sensec&andmodelledassoftwareobjectsat the apprriatelevel of
abstractiorasin (Salberetal., 1999.

As in Catchlt, write accessmethals to context objects are automatically
augnentedwith spy statementthatnotify the context superisorwith context events
(cf Figure9). Onreceving anevert context, the supenisor infersthe prdogue,the
reactionandthe epilogueeither:

e from the evolution model,whenit exists; and/a
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Figure9: Theadaptatiorprocesdo contet changesbasednatransparetiprobemechaism.

¢ from theplasticitydoman of the current userinterfacecoupged with selection
rulesandthe historyof previouscontets.

The supenisor then executes the selectedpradogue, the reaction and the
epilogle. The cortext probe for plasticuserinterfacesis underimplementationin
JavausingaListenerbasedapprach.

6 Conclusion

This article extendsour ongoing work on userinterface plasticity It focuseson
the adaptationprocessand proposesa software mechanisnthat fits the geneal
framavork we areexpeiimentingwith for thedevelopmentof plasticuserinterfaces.
We shav how adaptationcan be suppoted at run time by a context supevisor
couged with atrans@rentcontext probethatautomaticallydetectscontext changes.
Adaptatian is comptedby the supervisobasedon an evolution mocel andon the
notiors of plasticitydomain plasticitythresholdandmigrationcosts.

This work leavesopered a large numter of issuesincluding recomnendatiois
andheuristicsfor rankng ervironmens andplatforms. Theseare prerequisitesfor
the compuation of the plasticity domain andthe plasticity thresholdof a particular
designsolution. More importantly, researcmeedsto be deployed in a systematic
way to addessseamlessransitionsbetweercontexts.
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