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Chapter 1

Intr oduction

1.1 The Riseof Ubiquitous Computing

Computersare everywhere. They areno longercon ned to laboratoriesor business
of ces. In 1991, Mark Weiserdescribeda future in which computerswvould not be
con ned to the desktop,limited to the interfacemetaphorsof display mouse,and
keyboard[112]. Today his vision, ubiquitous computing (ubicomp),hasbecome
a reality in mary of our daily lives. Computerstake on all shapesandsizes. Cel-
lular telephonesallow us to communicatewith almosteveryoneon earth,from al-
mostarnywhere.GPStechnologyin your car providesdriving directionsandcaneven
plan alternatve routes. Thanksto sensorsattachedo windshields,aswe drive along
highways tolls areautomaticallydeductedrom our accounts Publicrestroomsauto-
matically cleanthemseles( gure 1.2). Waterfountainsautomaticallysquirt. Home
appliancesautomaticallyperformtheir dutiesunderthe X10 protocol( gure 1.1). In
businessjnformationseamlesslyollows its intendedhumanrecipientas shemoves
aboutthebuilding [110, 108]. At the Baltimore/WashingtorinternationalAirport, an

experimentalSmartRirk systemequippedvith simplesensorandoverheadlisplays,



Figurel.1l: The X10 systemallows the userto customizethe behaior of homeappli-
ances.

directsdriversto availableslotsin the parkingstructure. Computershave moved be-
yondthebusinesof ce. They arerapidly becomingembeddednto our ervironment,

intricatelyintertwinedinto our daily lives.

1.2 Don't Forgetthe Childr en

Despitetheseandmary othersuccessem the developmentof ubiquitouscomputing,
researcherbaven't fared quite aswell with respectto children. Take the automatic
toilet ( gure 1.2) asanexample,while mistakessuchasprematureushes mightirri-

tate adults,the surprisecould be terrifying to children[25]. Automaticsinkscanbe

puzzlingaswell! Wheredo we placeour handsto activatethe sensor?

As computerdbecomepenasive in our surroundingsthe userbaseof ubicompernvi-
ronmentsnaturallywill expandto includeyoungchildren. Systemghatinteractwith
this populationneedto be concernedvith their specialneeds.For example,the very
youngdo not have well developedmotor skills in their handg45], thusareunableto
controlmachineghatrequire nesse. Or, becaus®f their height,childrenmaynotbe

ableto reachsensorandactvateembeddedievices[64].

Oneway to alleviate the frustrations,uncertaintiesand confusionsthat the ubiquity



Figurel.2: Sensordgriggerautomaticoilet ushing.

of computergantriggeris to give the usercontrolover ernvironmentalbehaiors. But
evenin therareinstancesvhenuserscancontrolan environment,for example,X10-

savvy appliancesthey areinevitably meantonly for adults.

This omissionis unnecessaryChildrenshouldandcanbein control of their interac-
tive environments.One canimaginethatthe sink sensoiis a tangibledevice andthat
childrencanplaceit exactly wherethey know it will responccorrectly Hereis amore
fanciful scenario:A child wantsto wakeup to musicat 8AM, so shetakesout two
blocksfrom her“bag-of-tricks” Thefaceson oneblock have numberson them. She
arrangest sothatthe number8 facestoward her The facesof anotherblock depict
variouskinds of alarms: music, buzzer light, etc. Sheplacesthis block so thatthe
musicfacesher Thesetwo blocksaresufcient to empaver the child to setherown
wakeup time. In both examples,the environmentconformsto children’s needsand

allowsthemto controltechnologyin their own ways.



1.3 Ubiquitous Computing, Childr en,and Control

Fromthis interplay betweertechnology children,andcontrol, comesa wealth of re-
searchquestions How doesa child's physicalsizeaffect the accurag of the system?
How doimprecisionsgn sensorsffecta child's expectationf technologyantools
be createdfor childrento customizethe behaiors of their physical ervironments?
And, what are designguidelinesfor penasve computingenvironments,when chil-

drenareintended(or moreseriously unintendedusers?

Among thesetopics, | focusthe work of my dissertatioron the toolsfor childrento

controlthe ubicompervironment.Thisincludesthefollowing questions:

1. Whatkind of toolsareneeded?

2. Whatdo thetoolslook like?

3. How arethey used?

4. Do thetoolsrequirenew interactionmodels?
5. Canchildrenin factusethetools?

6. Implicitly, theability to controlmayrequirea programmingnodel. Whatis that

model?

Beyondtools, we alsoneedto considerto whatextentyoungchildrencanunderstand

theconcepif acomputationallyenhancednteractve ervironment.

In orderto understandhe issued just raised,l developeda researctubicompernvi-
ronment,StoryRooms [2], from combiningstorytellingwith ubiquitouscomputing

technology



De nition 1 A StoryRooms a room-sizedubiquitouservironmentthat, throughin-
teractionsbetweerthe computationaldevicesand the peoplewithin the ervironment,

expressesaind provokesa storytellingexperience

The choiceof storytellingwasdeliberate:It is a compellingtopic andenjoyableac-
tivity for children. And it wasby studyingthe behaiors andinteractionsof children
within the StoryRoomcontext thatl wasableto gaininsightsinto children, control,

andthe ubicompernvironment.

1.4 Storiesand Childr en

Storytellingis penasie in children'slives.Fromtheir earliestmemoriesthey arelis-

tenerswriters,dravers,andperformersMore thanjust beingthe recipientof stories,
childrenhave alsobeengiventhetoolsto author or constructtheir own. With crayon
and paper they candrav andwrite. They canwearcostumesandact on the stage.
They caneven build cardboardortressesand becomeknightsin make-belige king-

doms. Storytellingcaneven involve non-traditionalelements.For example,children
useda physicalrobot (PETS[28, 66, 67]) to move aroundandexpress‘emotions”as

partof thestorytellingexperience.

1.5 Storiesand Ubiquitous Computing

We canmove beyond the single computationadevice (the robot) to expressstories.

Physicallnteractive Ervironments?! (PIE) with interactive objectscan also corvey

1Throughoutthis dissertation) will be usingfour termsto describephysicalervironmentswith

embeddedomputationatlevices. The termubiquitouscomputingervironmentfollows Mark Weisers



stories(e.qg.,[80]). Althoughyou mary not have noticedthem, PIEsarenot new, nor
arethey uncommon.Over the pasttwo decadegherehasbeenan explosion of nev
kinds of interactve experienceqin storytelling[80], education[92, 30], kids' play
museum82], andentertainmenf90]). Below is awell known story corvertedinto a

suggestedtoryRoonto give thereadera betterunderstanding:

You entera room with two friends. Inside,you nd three housesbuilt
with cardboardox, coloredpaperandpaperglue. Onehouseis madeto
look like it is madeout of strav; anotheysticks;andthethird, bricks. You
alsonotice colorful and squeezablghysicaliconsthat look like hands,

mouths,andsunraysconnectedo thesehouses.

A loudspeakerembeddednsidea mouthicon, uttersthe voice of a wolf;
“I amhungry!l amhungry!” Thinking thatyou mightbecomethewolf's
dinner you eachscampeiinto separatdouses.By turn, from a speaker
justoutsideeachhouseyouhear‘Little pig, little pig, letmecomein!” In
turn,you say “No, no, no. Not by the hairon my chiny chinchin!” From
theloudspeaker:Then | will huff, andl will puff, andl will blow your

housedown!”

You may recognizethis as an adaptationof the classicstory, The Three Little Pigs.

Your parentanay have readit to you; you mayhave readit to your children;you may

de nition. A physicalinteractive ervironmentcanbe a ubicompervironment.Or, it canbe morecon-
ventional, wherethe devices are not embeddednto the ervironmentand still follow the forms and
functionalitiesof the display screenandmouse.A story-roomis ary PIE thatexpresses story. And
a StoryRoonis a ubiquitouscomputingervironmentthat| developedspeci cally to studytherelation-

shipsbetweerchildrenandubicomp.



have performedit on stage;you may have even seenit asa cartoonshowv. As this
example demonstratesstoriescan also be experiencedthrough physicalinteractve

ervironments.

Story-roomsrovide a settingthatcanbe educationalexperimental collaboratve and
fun; and,they offer anew mediumfor telling stories,in additionto the traditionalex-
pressve forms of writing, drawing, or discourse.StoryRoomsencouragehildrento
participatein physicalinteractve stories. Moreover, thesespecialubicomperviron-
mentsencouragehildrento constructthings,to turn abstractconceptsnto concrete
objects,andto collaborate.This constructve processs how childrenmakesenseof
andre ne theirmentalmodelsof theworld [75]; it is oneway childrenlearn.With new
toolssuchassensorandeffectors,child authorscanaddmagicto their make-belige
stories.It is asif next to thecrayonsandpapersthey suddenlynd amagicwandthat

really works.

Unfortunately unlike the moretraditional storytellingapproachesgwriting, drawing,
acting),therearefew, if any, constructve toolsfor childrento createtheir own stories
insidea PIE. Justasadultsencouragehildrento write on paper drav on carvas,and
mold lumps of clay, we shouldalso provide a settingfor themto createtheir own

interactive environments.

This presentsan opportunityfor usto designtools for childrento control the inter-
active behaviors within StoryRoomsaspartof the storytelling/story-loilding process.
Moreover, the successfutools for the StoryRoommay alsolead us to insightsinto

toolsfor childrento controlmoregeneralizedibicompernvironments.



1.6 Why Technologyfor Childr en

Children already createtheir make-belige worlds out of everyday things such as
boxes, blocks, and stuffed animals. Why then shouldthis creatve processhe inter-
feredwith technology?After all, comparedo traditionalmanipulatves,technology
canbeexpensve,fragile, dif cult to use,andenvironmentallyunfriendly. But, despite
its detractord3], computationatechnologydoesnot have to be a detriment[45]. Its
repeatabilityandshareabilityffeaturesmply thattheseephemeralvorldscanbesaved
andreplayed;sharedandconstructegcrossgyeographicallyistantiocations.Undeni-
ably, any new technologyintroducedinto children's world mustnot getin their way,
mustnot harmthem,or detractfrom their interactionswith others.Socomputerslike
woodenblocksandcrayons areall just toolsthat cansupportpositive learningexpe-
riences. Seymour Papert,in a 2002talk at the University of Maryland, offeredthis

insight.

“...well, they [non-technicalobjects]obviously work well, sincewe all
usethemeven now. You canhave entire projects,theories,models,etc.
thatcanbe spelledout on paper But it seemgo methata dimensionis

lacking—Thatwith technologythingscanwork, break,andcanbe x ed’

Papertwas alluding to the ideathat as children breakand x things, they become
dehuggers problem-solers,andunderstananore aboutthe world aroundthem. Let
usreturnto the ThreeLittle PigsStoryRoomexample:We canimaginethatelementary
schoolagedchildrencould have createdhe props(the threehouses)they could have
recordedhesoundeffectsandspeechedyut how did they programtheroomto interact

with the visitors? Thatis, whattools did they use,andwhat stepsdid they take,to



createthe interactionrulesfor the story? It turnsout that programmingsystemsare

excellentcandidate$or thistask.

1.7 A ConceptualProgramming Tool

| believe thatatoolkit for childrento constructa PIE would 1) be minimally abstract;
2) possiblynon-tectual; 3) operatewithin the constraintsof youngchildren's physical
dimensionsand4) addresshetechnicalchallenge®f ubiquitouscomputingerviron-

ments suchasscale context avarenessgestureecognition networking,andlocation
tracking[1]. Until recently the few systemghatgeneratenteractionrulesin physical
interactve ervironmentshave beenscreen-basetxt or graphicq29, 66]. They were

designedo betoolsfor adultsandnotfor children.

Thereforepneof my researclyuestiondecame Canpre-literatechildrende ne states
andtransitionsfor computationabbjectsin a ubicompernvironment? And, perhaps
even more appropriatefor children, would the programmingactvities be more nat-
ural, concrete,anddirect, if the interactioninstructionswere createdfrom physical
manipulationof realobjectsin the ervironment.In later chapterd will show thatthis
is indeedpossiblewith a programming-withexampleapproactj69]. Hereis anexam-
ple task: Every time | stepon this rug in my bedroom,| wantthatdesklampin the
roomto turnon. A possiblesequencef physicalactiities might be 1) invokea pro-
grammingrecordey2) stepontherug, 3) turn onthelight, and4) turn off therecorder
By touchingobjectsin theroom,| amcreatinganinstructionthatrelatesherugto the
stateof thelight. Furthermoreto nd outif theinstructionis correct,all thatl needto
dois to beinsidetheroomandstepon therug. | call this techniqueof usingphysical

gesturego indicateprogrammingntentionsphysical programming [65]. Thisidea



will bedevelopedmorefully in Chapter6. For now, | will usethefollowing de nition.

Working De nition 1 Physicalprogrammings thegeneationof computeprograms
by the physicalmanipulationof computationallyaugmentedor aware) objectsin a

ubiquitouscomputingervironment.

The introductionof the physicalprogrammingtechniqueinto the StoryRoomservi-

ronmentenableghildrento createtheir own interacte storieswithoutary adulthelp.

1.8 Contrib utions

In this dissertationl describea children-centeredramewnork (StoryRooms)o study
therelationshipsamongchildren,ubicompsystem andusercontrol. | furthersuggest

thata well-designedgorogrammingmnetaphoicouldbea solution.

This dissertationpresentsthe resultsof my researchon providing tools for young
childrento control ubiquitouscomputingernvironments. My contributions canben-
e t ubiquitouscomputing,tangibleinterfaces,and programmingsystemsor novice
users.More importantly throughthis work, | demonstrat¢hatit is possiblefor ubig-
uitouscomputingervironmentsto conformto children's needsanddesires.In order
to accomplishthis, andwith the assistancef anintergenerationatiesignteamat the

Human-ComputeinteractionLab:

| signi cantly ne-tuned the collaboratve designpracticewith children,coop-

erativeinquiry;,

| developeda ubiquitouscomputingframewvork, StoryRooms to study chil-

dren'sinteractionswith interactive environments;
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| developeda setof tangibletools for childrento control device interactionsn

ubicompervironments;

| developedanew programmingnetaphoyphysicalprogramming, anddemon-
stratedthat this approachs simple for childrento understancandto program

StoryRooms.

1.9 Organization

| begin this dissertationwith a surnwey of the four researchareasthat have given me
the mostinsights:end-useprogrammingubiquitouscomputing participatorydesign
practices,andtechnologyfor learners. Next, | devote a chapteron the coopeative
inquiry designframework. | discussthe needfor a children-inclusve methodology
andl alsodiscussmy own contrilbutionsto thedesignprocessin chapteffour, | present
the inspirationand precursorto my work on interactve storytellingervironments,a
physicalandconstructve storytellingrobotcalledPETS.In chapter ve,| describehe
conceptiongvolution,anddevelopmentf the StoryRoomconcept. will describehe
early prototypesandthe lessond learnedalongthe way. In chaptersix, | describe
a conceptuatoolkit thatis requiredto constructStoryRooms.Having identi ed the
elementof thetoolkit, in chapteiseven,| describeanddiscusghe rst usabilitystudy

with asemi-wizard-of-oStoryRoonprogrammingprototype to obsenekindemarten
childrenwithin a StoryRoomervironment.In chaptereight,| describea secondstudy

in which | obsered that kindegartenagedchildren can, independenfrom adults,
createtheir own fully interactve physicalstorytellingexperiences.In chaptemine, |

takea stepbackandconsiderthe relationshipbetweenStoryRoomsandautomata.n

chapterten,| describesomeuserinterfacedesignghat,while notimplementedaspart

11



of my dissertationrevealintriguing possibilitiesfor thefuture. | concludewith some
nal wordson my contributions,applicationsand potentialfuture directionsfor this

research.

1.10 De nitions and Abbreviations

In thisdissertation| will usethetermsandabbreviationslisted below.

AT Adult Team.Thisgroup,of which | wastheleaderwascomprisedf all theadult
memberof theintergenerationatlesignteam(seebelow).

ATM Adult TeamMember(s).

ATT Adult TechnicalTeam.Thiswastheteamof adultmembersvith technicalskills

suchascomputerscienceandengineeringAgain, | wasthe primaryleader
ATTM Adult TechnicalTeamMember(s).

HCIL TheHuman-ComputemteractionLab at University of Maryland. This is the

researcthubfor theintergenerationatlesignteam.

IDT IntergenerationalDesign Team [28]. The researchteam of interdisciplinary
adultsandelementaryschoolagedchildrenin the HCIL. This teamis directed

by Allison Druin. | ledresearclsessionselatedto PETSandthe StoryRooms.

PETS PersonaElectronicTeller of Stories[66].

2The compositionof the researctgroupvarieswidely dependingon the tasksat hand. To be cleay
| have tried to indicatethe primaryresponsiblegroupof researcherahen| can. For instancewhenl
write IDT, | meanthatthe entireintergenerationaleamwasinvolved. Whenl write AT, | meanthatall

theadultscontributed.

12



Physical Programming Thegeneratiorof computeiprogramsy thephysicalmanip-
ulation of computationallyaugmentedor aware)objectsin a ubiquitouscom-

putingervironment[65].
PIE Physicalinteractive Environment.

Entities Computationabbjectsandhumanuserswithin a ubiquitouscomputingsys-

tem.

StoryKit A constructiorkit of low-techandhigh-techelementdor childrento build

StoryRoomg2].

StoryRoom A room-sizedubiquitouservironmentthat,throughinteractionsdetween
thecomputationatievicesandthe peoplewithin theervironment,expressesind

provokesa storytellingexperienceo the user{2].

Ubicomp UbiquitousComputing[112].

13



Chapter 2

Related Work

As | statedn thelntroduction,my researclgoalis to developa child usableprogram-
ming tool to constructinteractionrulesin StoryRooms.Four researchareasheavily

in uenced my work:

1. Technologieshatinteractwith physicalernvironments;
2. Programmingervironmentsfor novice users;
3. Technologyfor learners;

4. Participatorydesignpractices.
Each eld is importantrelative to my work. | am developinga programmingtool
for youngchildren(2) to controlinteractionsn physicalinteractve ervironments(1)

called StoryRoomg3), using participatorydesigntechniqueg4). Below, | will de-

scribeeachareain moredetailanddiscusgheir relationshipgo my research.
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2.1 Technologiesthat Interact with Physical Environ-

ments

Physicalinteractve ervironments(PIES), enhancedvith computationadevices, are
all aroundus. They canbe museuninstallations pettingzoos,andamusemenparks.
From asearly asthe 1960s,institutionssuchasthe Exploratoriumin SanFrancisco
have beenexploring waysfor visitorsto learnaboutscienti c andmathematicaton-
ceptsthroughphysicallyinteractve experience492]. Mary othersenablechildrento

exploresuchvariedsubjectssuchasmusic,atthe EloiseW. Martin Centerin Chicago,
lllinois, andanimals,at a working farm, the MacomberFarmin FraminghamMas-
sachusett$30]. ProjectssuchasNYU's Immersve Environments[29], MIT' s Kid-

sRoom[13, 80], andUniversityof Maryland's StoryRoomsproject[2, 65], explorethe

expressvenesof PIESfor storytelling.

The enablingtechnologyof mary recentPIEShave comefrom ubiquitouscomputing
[112], augmentedeality [56], tangiblebits [50] and graspableuserinterfaces[33].
The developmentof directinteractionswith real objectscomesfrom a sharedbelief
amongtheseresearcherthatpeoplearemoreadeptat, andcomfortablewith, manipu-
lating everydayobjectsin their naturalsettings.Theseechnologiesilsosharedif cult
technicalchallengessuchasscale,context awarenessgesturerecognition,network-

ing, andlocationtracking,andsoftwareinfrastructurg87, 1].

Until only a few yearsago, little researcthasfocusedon userinterfacesto control
PIEs. The eld hasa promisingfuture. My work on StoryRoomsand physicalpro-
gramming[2, 65] directly addressethis area,by enablingnovicesusersanapproach
to physicallyanddirectly manipulateobjectsto createtheir personakettings.In ad-

dition, Phidgetd42] andiStuff [7] areboth physicalinterfaceconstructorsgurrently
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thesetwo systemsstill requirethe userto revertto the computerscreerfor program-
ming actiities. XWand[114] is functionallysimilar to themagicwandin the physical
programminguserinterface.An X10 [118] enabledsystemallows the userto control
homeappliancesA usercandirectly controlappliancedvy manipulatingdialson cus-
tom X10 devicesattachedo the appliances.For morecomplex tasks,the useroften

mustreferto computerbasedorograms.

2.1.1 Ubiquitous Computing

Until the late 1980's, human-computeinteraction(HCI) researcherbave beenpre-
dominantlyconcernedvith issuessurroundinghe desktopcomputer The possibility
that computerswould eventually becomeembeddednto our physical surroundings
andsupportour activitieswas rst outlinedby Mark Weiser In ubiquitouscomputing
ervironments,computerssurround,but do not intrude on us. Seamlesslyntegrated

into our lives,they becomeeffectivelyinvisible:

“...suchadisappearands afundamentatonsequenceot of technology
but of humanpsychology Wheneer peoplelearnsomethingsuf ciently

well, they ceasdo beawareof it.” [112]

Ubiquitouscomputingsystemshareat leastthreeattributes:a) a setof computingde-
vices(possiblyheterogenous)) asetof supportedasks,andc) aninfrastructuresuch
asnetworkandlocationservice[87, 118]. They alsosharetwo fundamentatechno-
logicalissueghatremaindif cult to solve: scaleandlocation. Computationatlevices
in ubicompsystemscannumberin the hundredsor even thousandsandcanvary in

sizefrom assmallasa post-itnoteto aslarge asa large wall-sizeddisplay The prob-

lem of scalerequiresinfrastructuresuchasnetworkingprotocolsto managehe large
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numberof wirelessandmobile devicesaswell assoftwareto supportnew interaction
modelg[1, 8, 109 112,113]. Examplef softwareneedsncludeself-describinglata
structuresandrobustbehaior underquestionableonnectvity conditions. Theloca-
tion problemis dueprimarily to the device andusermovements.To date but for afew
demonstratiorsystemge. g., [108, 111]), thereare still no commerciallyavailable
local areapositiontrackingsystemghat cantrack entitiesat a resolutionon the order

of afew centimeters.

A largesub eld, contt-awarecomputing,addresseproblemsrelatedto the frequent
conttual changesn a highly mobile and unpredictablesrnvironment[1, 91, 110];
theseincludeerrorpronerecognition,context fusion (how to deciphercontet events

suchaswho,what,whenwhere,andwhy) [1].

Contextual problemshave sincebeenbroadenedo include socialaspectf human-
computerinteraction[9]. Ubiquitouscomputingervironments'inherentphysicality
sensorand actuatorimprecisions bring forth new setsof problemsthat are different
from the traditional (and highly controlled)desktopcomputingernvironment. Some

guestionconcerninghesessuesnclude[9]:

1. How doesasystemknow whenl amaddressingt?
2. How dol know a systemis doingwhatl commandedt to do?
3. How doesasystemknow the parametersf my command?

4. How dol know the systemcorrectlyunderstandsny commandandis correctly

executingit?

5. How do| recover from mistakes?
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Shaferetal. furtheridenti ed severalimportantdistinctionsbetweerdesktopandubig-

uitouscomputingsystemg93]:
1. Multimodal interaction;
2. Physicallyembodiednteraction;
3. Dynamicsetof devices;
4. Lackof asinglefocal point;

5. Multiple simult