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Chapter 1

Intr oduction

1.1 The Riseof Ubiquitous Computing

Computersareeverywhere.They areno longercon�ned to laboratoriesor business

of�ces. In 1991,Mark Weiserdescribeda future in which computerswould 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 many of our daily lives. Computerstakeon all shapesandsizes. Cel-

lular telephonesallow us to communicatewith almosteveryoneon earth,from al-

mostanywhere.GPStechnologyin your carprovidesdriving directionsandcaneven

planalternative routes.Thanksto sensorsattachedto windshields,aswe drive along

highways,tolls areautomaticallydeductedfrom ouraccounts.Publicrestroomsauto-

matically cleanthemselves(�gure 1.2). Waterfountainsautomaticallysquirt. Home

appliancesautomaticallyperformtheir dutiesundertheX10 protocol(�gure 1.1). In

business,informationseamlesslyfollows its intendedhumanrecipientasshemoves

aboutthebuilding [110, 108]. At theBaltimore/WashingtonInternationalAirport, an

experimentalSmartParksystem,equippedwith simplesensorsandoverheaddisplays,

1



Figure1.1: TheX10 systemallowstheuserto customizethebehavior of homeappli-
ances.

directsdriversto availableslotsin theparkingstructure.Computershave movedbe-

yondthebusinessof�ce. They arerapidly becomingembeddedinto our environment,

intricatelyintertwinedinto ourdaily lives.

1.2 Don't Forget the Childr en

Despitetheseandmany othersuccessesin thedevelopmentof ubiquitouscomputing,

researchershaven't faredquite aswell with respectto children. Takethe automatic

toilet (�gure 1.2) asanexample,while mistakessuchaspremature�ushesmight irri-

tateadults,thesurprisecouldbe terrifying to children[25]. Automaticsinkscanbe

puzzlingaswell! Wheredowe placeourhandsto activatethesensor?

As computersbecomepervasive in our surroundings,theuserbaseof ubicompenvi-

ronmentsnaturallywill expandto includeyoungchildren. Systemsthat interactwith

this populationneedto beconcernedwith their specialneeds.For example,thevery

youngdo not have well developedmotorskills in their hands[45], thusareunableto

controlmachinesthatrequire�nesse.Or, becauseof their height,childrenmaynotbe

ableto reachsensorsandactivateembeddeddevices[64].

Oneway to alleviate the frustrations,uncertainties,andconfusionsthat the ubiquity

2



Figure1.2: Sensorstriggerautomatictoilet �ushing.

of computerscantriggeris to give theusercontroloverenvironmentalbehaviors. But

evenin therareinstanceswhenuserscancontrolanenvironment,for example,X10-

savvy appliances,they areinevitably meantonly for adults.

This omissionis unnecessary. Childrenshouldandcanbein controlof their interac-

tive environments.Onecanimaginethat thesink sensoris a tangibledevice andthat

childrencanplaceit exactlywherethey know it will respondcorrectly. 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

arrangesit so that thenumber8 facestowardher. The facesof anotherblock depict

variouskinds of alarms: music,buzzer, light, etc. Sheplacesthis block so that the

musicfacesher. Thesetwo blocksaresuf�cient to empower thechild to setherown

wakeup time. In both examples,the environmentconformsto children's needsand

allowsthemto controltechnologyin their own ways.
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1.3 Ubiquitous Computing, Childr en,and Control

Fromthis interplaybetweentechnology, children,andcontrol,comesa wealthof re-

searchquestions.How doesa child's physicalsizeaffect theaccuracy of thesystem?

How doimprecisionsin sensorsaffecta child'sexpectationsof technology?Cantools

be createdfor children to customizethe behaviors of their physicalenvironments?

And, what aredesignguidelinesfor pervasive computingenvironments,whenchil-

drenareintended(or moreseriously, unintended)users?

Among thesetopics,I focusthe work of my dissertationon the tools for childrento

controltheubicompenvironment.This includesthefollowing questions:

1. Whatkind of toolsareneeded?

2. Whatdo thetoolslook like?

3. How arethey used?

4. Do thetoolsrequirenew interactionmodels?

5. Canchildrenin factusethetools?

6. Implicitly, theability to controlmayrequireaprogrammingmodel.Whatis that

model?

Beyondtools,we alsoneedto considerto whatextentyoungchildrencanunderstand

theconceptof acomputationallyenhancedinteractiveenvironment.

In orderto understandthe issuesI just raised,I developeda researchubicompenvi-

ronment,StoryRooms [2], from combiningstorytellingwith ubiquitouscomputing

technology.
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De�nition 1 A StoryRoomis a room-sizedubiquitousenvironmentthat, through in-

teractionsbetweenthecomputationaldevicesandthepeoplewithin theenvironment,

expressesandprovokesa storytellingexperience.

The choiceof storytellingwasdeliberate:It is a compellingtopic andenjoyableac-

tivity for children. And it wasby studyingthebehaviors andinteractionsof children

within the StoryRoomcontext that I wasableto gain insightsinto children,control,

andtheubicompenvironment.

1.4 Storiesand Childr en

Storytellingis pervasive in children's lives.Fromtheir earliestmemories,they arelis-

teners,writers,drawers,andperformers.More thanjust beingtherecipientof stories,

childrenhave alsobeengiventhetoolsto author, or construct,theirown. With crayon

andpaper, they candraw andwrite. They canwearcostumesandact on the stage.

They caneven build cardboardfortressesandbecomeknightsin make-believe 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 singlecomputationaldevice (the robot) to expressstories.

PhysicalInteractive Environments1 (PIE) with interactive objectscan also convey

1Throughoutthis dissertation,I will be using four termsto describephysicalenvironmentswith

embeddedcomputationaldevices.ThetermubiquitouscomputingenvironmentfollowsMark Weiser's
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stories(e.g.,[80]). Althoughyou many not have noticedthem,PIEsarenot new, nor

arethey uncommon.Over the pasttwo decadestherehasbeenan explosionof new

kinds of interactive experiences(in storytelling [80], education[92, 30], kids' play

museum[82], andentertainment[90]). Below is a well known storyconvertedinto a

suggestedStoryRoomto give thereaderabetterunderstanding:

You entera room with two friends. Inside, you �nd threehousesbuilt

with cardboardbox,coloredpaper, andpaperglue. Onehouseis madeto

look like it is madeoutof straw; another, sticks;andthethird, bricks.You

alsonotice colorful andsqueezablephysicalicons that look like hands,

mouths,andsunraysconnectedto thesehouses.

A loudspeaker, embeddedinsidea mouthicon,uttersthevoiceof a wolf;

“I amhungry! I amhungry!” Thinking thatyou might becomethewolf 's

dinner, you eachscamperinto separatehouses.By turn, from a speaker,

justoutsideeachhouse,youhear“Little pig, little pig, let mecomein!” In

turn,you say, “No, no,no. Not by thehair on my chiny chinchin!” From

the loudspeaker:“Then I will huff, andI will puff, andI will blow your

housedown!”

You may recognizethis asan adaptationof the classicstory, TheThreeLittle Pigs.

Yourparentsmayhave readit to you;you mayhave readit to your children;youmay

de�nition. A physicalinteractive environmentcanbea ubicompenvironment.Or, it canbemorecon-

ventional,wherethe devices are not embeddedinto the environmentandstill follow the forms and

functionalitiesof thedisplay, screen,andmouse.A story-roomis any PIE thatexpressesa story. And

a StoryRoomis a ubiquitouscomputingenvironmentthatI developedspeci�cally to studytherelation-

shipsbetweenchildrenandubicomp.

6



have performedit on stage;you may have even seenit asa cartoonshow. As this

exampledemonstrates,storiescan also be experiencedthroughphysical interactive

environments.

Story-roomsprovideasettingthatcanbeeducational,experimental,collaborativeand

fun; and,they offer a new mediumfor telling stories,in additionto thetraditionalex-

pressive forms of writing, drawing, or discourse.StoryRoomsencouragechildrento

participatein physicalinteractive stories. Moreover, thesespecialubicompenviron-

mentsencouragechildrento constructthings,to turn abstractconceptsinto concrete

objects,andto collaborate.This constructive processis how childrenmakesenseof

andre�ne theirmentalmodelsof theworld [75]; it is onewaychildrenlearn.With new

toolssuchassensorsandeffectors,child authorscanaddmagicto their make-believe

stories.It is asif next to thecrayonsandpapers,they suddenly�nd amagicwandthat

reallyworks.

Unfortunately, unlike the moretraditionalstorytellingapproaches(writing, drawing,

acting),therearefew, if any, constructive toolsfor childrento createtheir own stories

insidea PIE.Justasadultsencouragechildrento write on paper, draw on canvas,and

mold lumps of clay, we shouldalso provide a settingfor them to createtheir own

interactiveenvironments.

This presentsan opportunityfor us to designtools for children to control the inter-

active behaviors within StoryRoomsaspartof thestorytelling/story-building process.

Moreover, the successfultools for the StoryRoommay also leadus to insightsinto

toolsfor childrento controlmoregeneralizedubicompenvironments.
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1.6 Why Technologyfor Childr en

Children alreadycreatetheir make-believe worlds out of everyday things such as

boxes,blocks,andstuffed animals. Why thenshouldthis creative processbe inter-

feredwith technology?After all, comparedto traditionalmanipulatives,technology

canbeexpensive,fragile,dif�cult to use,andenvironmentallyunfriendly. But, despite

its detractors[3], computationaltechnologydoesnot have to bea detriment[45]. Its

repeatabilityandshareabilityfeaturesimply thattheseephemeralworldscanbesaved

andreplayed;sharedandconstructedacrossgeographicallydistantlocations.Undeni-

ably, any new technologyintroducedinto children's world mustnot get in their way,

mustnotharmthem,or detractfrom their interactionswith others.Socomputers,like

woodenblocksandcrayons,areall just tools thatcansupportpositive 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 entireprojects,theories,models,etc.

that canbespelledout on paper. But it seemsto me thata dimensionis

lacking—Thatwith technology, thingscanwork,break,andcanbe�x ed.”

Papertwas alluding to the idea that as children breakand �x things, they become

debuggers,problem-solvers,andunderstandmoreabouttheworld aroundthem. Let

usreturnto theThreeLittle PigsStoryRoomexample:Wecanimaginethatelementary

schoolagedchildrencouldhave createdtheprops(thethreehouses);they couldhave

recordedthesoundeffectsandspeeches;but how did they programtheroomto interact

with the visitors? That is, what tools did they use,andwhat stepsdid they take,to
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createthe interactionrules for the story? It turnsout that programmingsystemsare

excellentcandidatesfor this task.

1.7 A ConceptualProgramming Tool

I believe thata toolkit for childrento constructa PIE would1) beminimally abstract;

2) possiblynon-textual; 3) operatewithin theconstraintsof youngchildren'sphysical

dimensions;and4) addressthetechnicalchallengesof ubiquitouscomputingenviron-

ments,suchasscale,context awareness,gesturerecognition,networking,andlocation

tracking[1]. Until recently, thefew systemsthatgenerateinteractionrulesin physical

interactiveenvironmentshave beenscreen-basedtext or graphics[29, 66]. They were

designedto betoolsfor adultsandnot for children.

Therefore,oneof myresearchquestionsbecame:Canpre-literatechildrende�ne states

andtransitionsfor computationalobjectsin a ubicompenvironment? And, perhaps

even moreappropriatefor children,would the programmingactivities be morenat-

ural, concrete,anddirect, if the interactioninstructionswere createdfrom physical

manipulationof realobjectsin theenvironment.In laterchaptersI will show thatthis

is indeedpossiblewith aprogramming-with-exampleapproach[69]. Hereis anexam-

ple task: Every time I stepon this rug in my bedroom,I want that desklamp in the

roomto turn on. A possiblesequenceof physicalactivities might be1) invokea pro-

grammingrecorder, 2) stepontherug,3) turnonthelight, and4) turnoff therecorder.

By touchingobjectsin theroom,I amcreatinganinstructionthatrelatestherug to the

stateof thelight. Furthermore,to �nd out if theinstructionis correct,all thatI needto

do is to beinsidetheroomandstepon therug. I call this techniqueof usingphysical

gesturesto indicateprogrammingintentionsphysical programming [65]. This idea
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will bedevelopedmorefully in Chapter6. For now, I will usethefollowing de�nition.

Working De�nition 1 Physicalprogrammingis thegenerationof computerprograms

by the physicalmanipulationof computationallyaugmented(or aware) objectsin a

ubiquitouscomputingenvironment.

The introductionof the physicalprogrammingtechniqueinto the StoryRoomsenvi-

ronmentenableschildrento createtheirown interactivestorieswithoutany adulthelp.

1.8 Contrib utions

In this dissertationI describea children-centeredframework (StoryRooms)to study

therelationshipsamongchildren,ubicompsystem,andusercontrol. I furthersuggest

thata well-designedprogrammingmetaphorcouldbea solution.

This dissertationpresentsthe resultsof my researchon providing tools for young

children to control ubiquitouscomputingenvironments. My contributionscanben-

e�t ubiquitouscomputing,tangibleinterfaces,andprogrammingsystemsfor novice

users.More importantly, throughthis work, I demonstratethat it is possiblefor ubiq-

uitouscomputingenvironmentsto conformto children's needsanddesires.In order

to accomplishthis, andwith theassistanceof anintergenerationaldesignteamat the

Human-ComputerInteractionLab:

� I signi�cantly �ne-tuned thecollaborative designpracticewith children,coop-

erativeinquiry;

� I developeda ubiquitouscomputingframework, StoryRooms, to study chil-

dren's interactionswith interactiveenvironments;
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� I developeda setof tangibletools for childrento controldevice interactionsin

ubicompenvironments;

� I developedanew programmingmetaphor, physicalprogramming, anddemon-

stratedthat this approachis simple for childrento understandandto program

StoryRooms.

1.9 Organization

I begin this dissertationwith a survey of the four researchareasthat have given me

themostinsights:end-userprogramming,ubiquitouscomputing,participatorydesign

practices,andtechnologyfor learners. Next, I devote a chapteron the cooperative

inquiry designframework. I discussthe needfor a children-inclusive methodology,

andI alsodiscussmy owncontributionsto thedesignprocess.In chapterfour, I present

the inspirationandprecursorto my work on interactive storytellingenvironments,a

physicalandconstructivestorytellingrobotcalledPETS.In chapter� ve,I describethe

conception,evolution,anddevelopmentof theStoryRoomconcept.I will describethe

early prototypesand the lessonsI learnedalongthe way. In chaptersix, I describe

a conceptualtoolkit that is requiredto constructStoryRooms.Having identi�ed the

elementsof thetoolkit, in chapterseven,I describeanddiscussthe�rst usabilitystudy,

with asemi-wizard-of-ozStoryRoomprogrammingprototype,to observekindergarten

childrenwithin aStoryRoomenvironment.In chaptereight,I describeasecondstudy,

in which I observed that kindergartenagedchildren can, independentfrom adults,

createtheir own fully interactive physicalstorytellingexperiences.In chapternine,I

takea stepbackandconsidertherelationshipbetweenStoryRoomsandautomata.In

chapterten,I describesomeuserinterfacedesignsthat,while not implementedaspart

11



of my dissertation,revealintriguing possibilitiesfor thefuture. I concludewith some

�nal wordson my contributions,applications,andpotentialfuturedirectionsfor this

research.

1.10 De�nitions and Abbreviations

In thisdissertation,I will usethetermsandabbreviationslistedbelow.

AT Adult Team.Thisgroup,of which I wastheleader, wascomprisedof all theadult

membersof theintergenerationaldesignteam(seebelow).

ATM Adult TeamMember(s).

ATT Adult TechnicalTeam.Thiswastheteamof adultmemberswith technicalskills

suchascomputerscienceandengineering.Again,I wastheprimaryleader.

ATTM Adult TechnicalTeamMember(s).

HCIL TheHuman-ComputerInteractionLab at Universityof Maryland. This is the

researchhubfor theintergenerationaldesignteam.

IDT IntergenerationalDesign Team [28]. The researchteam of interdisciplinary

adultsandelementaryschoolagedchildrenin theHCIL. This teamis directed

by Allison Druin. I led researchsessionsrelatedto PETSandtheStoryRooms2.

PETS PersonalElectronicTellerof Stories[66].

2Thecompositionof the researchgroupvarieswidely dependingon the tasksat hand.To beclear,

I have tried to indicatetheprimaryresponsiblegroupof researcherswhenI can. For instance,whenI

write IDT, I meanthattheentireintergenerationalteamwasinvolved.WhenI write AT, I meanthatall

theadultscontributed.
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Physical Programming Thegenerationof computerprogramsby thephysicalmanip-

ulation of computationallyaugmented(or aware)objectsin a ubiquitouscom-

putingenvironment[65].

PIE PhysicalInteractiveEnvironment.

Entities Computationalobjectsandhumanuserswithin a ubiquitouscomputingsys-

tem.

StoryKit A constructionkit of low-techandhigh-techelementsfor childrento build

StoryRooms[2].

StoryRoom A room-sizedubiquitousenvironmentthat,throughinteractionsbetween

thecomputationaldevicesandthepeoplewithin theenvironment,expressesand

provokesastorytellingexperienceto theuser[2].

Ubicomp UbiquitousComputing[112].
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Chapter 2

RelatedWork

As I statedin theIntroduction,my researchgoal is to developa child usableprogram-

ming tool to constructinteractionrules in StoryRooms.Four researchareasheavily

in�uencedmy work:

1. Technologiesthatinteractwith physicalenvironments;

2. Programmingenvironmentsfor noviceusers;

3. Technologyfor learners;

4. Participatorydesignpractices.

Each�eld is importantrelative to my work. I am developing a programmingtool

for youngchildren(2) to control interactionsin physicalinteractive environments(1)

calledStoryRooms(3), usingparticipatorydesigntechniques(4). Below, I will de-

scribeeachareain moredetailanddiscusstheir relationshipsto my research.
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2.1 Technologiesthat Interact with Physical Envir on-

ments

Physicalinteractive environments(PIEs),enhancedwith computationaldevices,are

all aroundus. They canbemuseuminstallations,pettingzoos,andamusementparks.

From asearly asthe 1960s,institutionssuchasthe Exploratoriumin SanFrancisco

have beenexploring waysfor visitors to learnaboutscienti�c andmathematicalcon-

ceptsthroughphysicallyinteractiveexperiences[92]. Many othersenablechildrento

exploresuchvariedsubjectssuchasmusic,at theEloiseW. Martin Centerin Chicago,

Illinois, andanimals,at a working farm, the MacomberFarm in Framingham,Mas-

sachusetts[30]. ProjectssuchasNYU' s Immersive Environments[29], MIT' s Kid-

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

expressivenessof PIESfor storytelling.

Theenablingtechnologyof many recentPIEShave comefrom ubiquitouscomputing

[112], augmentedreality [56], tangiblebits [50] andgraspableuserinterfaces[33].

The developmentof direct interactionswith real objectscomesfrom a sharedbelief

amongtheseresearchersthatpeoplearemoreadeptat,andcomfortablewith, manipu-

latingeverydayobjectsin theirnaturalsettings.Thesetechnologiesalsosharedif�cult

technicalchallenges,suchasscale,context awareness,gesturerecognition,network-

ing, andlocationtracking,andsoftwareinfrastructure[87, 1].

Until only a few yearsago, little researchhasfocusedon userinterfacesto control

PIEs. The �eld hasa promisingfuture. My work on StoryRoomsandphysicalpro-

gramming[2, 65] directly addressesthis area,by enablingnovicesusersanapproach

to physicallyanddirectly manipulateobjectsto createtheir personalsettings.In ad-

dition, Phidgets[42] andiStuff [7] arebothphysicalinterfaceconstructors;currently

15



thesetwo systemsstill requiretheuserto revert to thecomputerscreenfor program-

mingactivities. XWand[114] is functionallysimilar to themagicwandin thephysical

programminguserinterface.An X10 [118] enabledsystemallows theuserto control

homeappliances.A usercandirectlycontrolappliancesby manipulatingdialsoncus-

tom X10 devicesattachedto the appliances.For morecomplex tasks,theuseroften

mustreferto computer-basedprograms.

2.1.1 Ubiquitous Computing

Until the late 1980's, human-computerinteraction(HCI) researchershave beenpre-

dominantlyconcernedwith issuessurroundingthedesktopcomputer. Thepossibility

that computerswould eventually becomeembeddedinto our physicalsurroundings

andsupportouractivitieswas�rst outlinedby Mark Weiser. In ubiquitouscomputing

environments,computerssurround,but do not intrudeon us. Seamlesslyintegrated

into our lives,they becomeeffectivelyinvisible:

“. . .suchadisappearanceis afundamentalconsequencenotof technology,

but of humanpsychology. Whenever peoplelearnsomethingsuf�ciently

well, they ceaseto beawareof it.” [112]

Ubiquitouscomputingsystemsshareat leastthreeattributes:a)asetof computingde-

vices(possiblyheterogenous),b) asetof supportedtasks,andc) aninfrastructuresuch

asnetworkandlocationservice[87, 118]. They alsosharetwo fundamentaltechno-

logical issuesthatremaindif�cult to solve: scaleandlocation.Computationaldevices

in ubicompsystemscannumberin the hundredsor even thousands,andcanvary in

sizefrom assmallasa post-itnoteto aslargeasa largewall-sizeddisplay. Theprob-

lem of scalerequiresinfrastructuresuchasnetworkingprotocolsto managethe large
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numbersof wirelessandmobiledevicesaswell assoftwareto supportnew interaction

models[1, 8, 109, 112,113]. Examplesof softwareneedsincludeself-describingdata

structuresandrobustbehavior underquestionableconnectivity conditions.The loca-

tion problemis dueprimarily to thedeviceandusermovements.To date,but for a few

demonstrationsystems(e. g., [108, 111]), therearestill no commerciallyavailable

local areapositiontrackingsystemsthatcantrackentitiesat a resolutionon theorder

of a few centimeters.

A largesub�eld, context-awarecomputing,addressesproblemsrelatedto thefrequent

contextual changesin a highly mobile andunpredictableenvironment[1, 91, 110];

theseincludeerror-pronerecognition,context fusion(how to deciphercontext events

suchaswho,what,when,where,andwhy) [1].

Contextual problemshave sincebeenbroadenedto includesocialaspectsof human-

computerinteraction[9]. Ubiquitouscomputingenvironments' inherentphysicality,

sensorandactuatorimprecisions,bring forth new setsof problemsthat aredifferent

from the traditional (andhighly controlled)desktopcomputingenvironment. Some

questionsconcerningtheseissuesinclude[9]:

1. How doesasystemknow whenI amaddressingit?

2. How do I know a systemis doingwhatI commandedit to do?

3. How doesasystemknow theparametersof my command?

4. How do I know thesystemcorrectlyunderstandsmy command,andis correctly

executingit?

5. How do I recover from mistakes?
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Shaferetal. furtheridenti�ed severalimportantdistinctionsbetweendesktopandubiq-

uitouscomputingsystems[93]:

1. Multimodal interaction;

2. Physicallyembodiedinteraction;

3. Dynamicsetof devices;

4. Lackof asinglefocalpoint;

5. Multiple simultaneoususers.

While theseissueshave beenwell studied(or are not relevant, for example,physi-

cal embodiedinteraction)in the GUI environment,researchtargetedto ubicompis

just emerging. An exampleis input devicesdesignedfor physicalspaces.The Peb-

blesproject[70] showshow multipleusersemployingmultiple interactionmodes,can

control multiple availabledevices. iStuff [7] allows usersto easilyconnectphysical

userinterfaceinput/outputelementsto applicationsin theenvironment.Phidgets[42],

like iStuff, is a physicalinterfaceconstructionkit. X10 [118] is a homeautomation

protocolfor theuserto controlappliances,wheresignalstravel throughtheAC power

linesor RF channels.As far asI know, all of theabove currentlyrely on theWIMP

interfaceto establishsensor/actuatorrelationships,andhavenotexpandedto usingthe

physicalobjectsthemselvesto helpcreatetherelationships.

BecauseStoryRoomsis aubiquitouscomputingsystem,it facesthesamegeneraltech-

nical issuesasotherubicompenvironments.But someproblemsdirectly impactthe

StoryRoomfunctionality. For example,althoughthis wasnot anissuefor our usabil-

ity studieswith youngchildren,the lack of a high-precisionlocal positioningsystem

preventsthe StoryRoomfrom allowing moresophisticatedphysicalgestures,which
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might beusefulin enhancingthephysicalprogramminglanguage.On theotherhand,

theadventof many new physicalinputdevices,whencombinedwith carefulchildren-

centereddesign,couldfurtherenablethemto controltheenvironments.Anotherlimit

in thecurrentStoryRoomis thedimensionsof physicalicons,whicharecurrentlystill

too large. On-goingefforts in this �eld to miniaturizecomplex sensorsandactuators

will directly bene�t my work.

2.1.2 AugmentedReality, Tangibleand GraspableUser Interfaces

Researchersof augmentedrealityappenddigital andcommunicationabilitiesontoev-

erydayobjects. (A commonapproachis visual overlay of digital informationonto

real-worldobjects.) Userstakeadvantageof their familiarity with the naturalaffor-

dancesof physicalthings,suchaspaperanderaser, to accomplisheverydaytasksas

well asdigital operations.Therearethreewaysto augmentrealobjects:1) augment

theusers(wearablecomputing),2) augmentthephysicalobject,and3) augmentthe

environmentsurroundingtheuserandtheobjects.Many augmentedreality andubi-

compsystemsemployacombinationof thesethreeapproaches[57].

Augment the Users

The userwearsor carriesdevicesto sensevirtual informationaboutarti�cial or real

objects. For example,whena userreadsa MagicBookthroughspecialstereoscopic

glasses,drawings on the pagesrise into 3-dimensionalshapesand invite further ex-

ploration[11]. Becauseof thelargephysicalspace,many children,andunpredictable

movementswithin a StoryRoom,this approachwould not be appropriate.The eye-

wearwouldbedif�cult for childrento wearandto traversethroughtheroom.
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On the otherhand,a hand-held“magical lens,” madefrom a small LCD screenand

a camera,could reveal the identity of an embeddeddevice, whetherfor debugging

purposesduringprogramming,or for revealingmysterynotesduringplaymode.Some

museumself-guideddevicesshow this to beapromisingapproach(e. g. [115]).

Augment the Physical Object

In this approach,physicalobjectsaremodi�ed by theembeddingof input,outputand

computationaldeviceson or within it. In StoryRooms[2], childrenappendsensors

andactuators(embeddedwithin physicalicons)onto low-techprops.The iconscon-

cretely indicatethe props' augmentedfeatures,andallow childrento quickly create

interactive environmentsby combiningsimplematerialswith high-techdevices. The

DataTiles system[84] usesphysicalsee-throughtiles, embeddedwith RFID tags,to

storevirtual datasuchasbaseballcardcollectionandweathermaps.This is anexcel-

lent interface,but unrealisticfor the StoryRoomapplication,aseachphysicalobject

mustcontainadisplayscreen.TheListenReader[6] augmentsarealchildren'sstory-

bookwith ambientmusicandsoundeffects,sothatchildrencanenjoythephysicality

of thebookaswell asmanipulatemusicby moving their handsover thesurfaceof the

pages.StoryRoomcanbethoughtof asaroom-sizedversionof theListenReader, but

with theadditionalpower of allowing theuserto createnew “storybooks.” TICLE, a

vision basedsystemencourageslearningaboutgeometryfrom playing with physical

Tangrampuzzles[89]. Becauseit requirescomputervision anda stationarydesktop,

its interfacesareinappropriatefor StoryRooms.
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Augment the Envir onment

In the �nal approach,neitherthe usernor the objectis affecteddirectly. Instead,in-

dependentdevicesprovideandcollectinformationfrom thesurroundingenvironment,

displayinginformationonto objectsandcapturinginformationabouttheuser's inter-

actionswith them. The KidsRoom[13] relieson a vision-basedtrackingsystemto

monitor children's locationsand their body gestures,while sensoryoutputs,in the

forms of soundsand projectedimages,provide feedback. Hand gesturesremaina

popularinputapproach(e. g., [72, 86]).

This is a dif�cult modelfor theStoryRoom.First, it is dif�cult to interpretimprecise

sensordataandcorrectlyinfer userintentions.Second,theunderlyingtechnologycan

beexpensive,dif�cult to setup,or sensitiveto environmentalconditions(suchaslight,

line-of-sight,sound).

Tangible and GraspableInterfaces

Physicalobjectscanbecloselycoupledwith digital datastructures.This connection

is eithercalledtangiblebits [50] or graspableuserinterfaces[33]; andit extendsdi-

rectmanipulation[94] to realobjects,suchthatoperationson physicalthingsmodify

digital data.Environmentsthatsupporttangibleuserinterfacesgenerallyrequirethree

components:1) interactive surfaces,2) coupling of virtual databits with graspable

physicalobjects,and3) backgroundawareness[50].

The usefulnessof this interfacetechniquesuggeststhe viability of a physical ap-

proachto programming. For example, The AutoHan project and its MediaCubes

tangibleprogrammingapproachdemonstratean intriguing systemfor controlling the

homeenvironment[12]. Although not strictly a ubicompsystem,TellTale, a phys-
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ical worm whosebody segmentscan recordand play back children's oral stories

[5], demonstratesa physicalapproachto storytelling. Physicallyconnectableblocks

arepopularinterfacesfor systemsthat teachprogrammingconceptsto children(e.g.,

[103, 116, 61]). But while thephysicalconnectionsrepresentprograms,thesesystems

generallysupportscienti�c discovery, andnot storytelling. A usefultool to program

StoryRoomswouldbeacombinationof theprogrammingstrengthsof theblockswith

thestorytellingfocusof theworm.

2.2 Programming Systemsfor NoviceUsers

Programmingis anactof communication.Whenwe expressourselves,whetherto a

machineor to a human,our languagecanrangefrom the concrete,suchaspictorial

representationsof real objects,to the abstract,suchas the English language. The

languagemayeveninvolve gesture,suchasin AmericanSignLanguage.It shouldbe

apparentthatnotonesinglecommunicationchannelis appropriatefor everyoneandfor

all occasions.BecauseI aminterestedin a languagethatis suitablefor youngchildren

(earlyelementaryschoolandkindergartenstudents)to controldeviceswithin ubicomp

environments,thecommunicationmodelneedsto benon-textual,minimally abstract,

andneedsto supportphysicalactivity. The languageneedsto benon-textual because

many kindergartenersarepre-literate.It shouldnot requireabstractideas,sincethat

ability appearsto arrive later in a child's cognitive development[78]. Finally, the

languageshouldsupportphysicalactivity dueto youngchildren's needfor physical

movement.
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2.2.1 Non-textual language

Visualcommunicationis basic.

However, without well-de�ned interpretiveprocedures,

they areusuallyambiguous[105].

Pictures(without text) canserve in a wide varietyof applications.Symbolson high-

way signs,Olympic sport �gurines and more are socially acceptedand can invoke

universallyagreeduponinterpretationsin thereader. For example,iconsin theWIMP

userinterfacesignify theunderlyingdatastructuresstoredinsidea computer. An icon

of a folderon thecomputerscreencouldevokethefunctionalityof a realfolder inside

your of�ce drawer: to hold things.

Picturescanbeeasyto understand,but a languageof pictures1 is limited. First, these

languagesdonotscaleup,becausethey donot includesyntacticrules.Second,images

cannotrepresenteverything. Someideasareinherentlyabstract,andit is dif�cult to

(without meta-reasoningrules)convey themadequately. Hereis anexample:Whatis

a picturethatcommunicates“yesterday?”

By combiningpicturesandrulesfor drawing them,a pictorial languagebecomesfar

moreexpressive. TheElephant's Memory [49] is onenotableexample. It hasonly a

small setof aboutone-hundredcombinable“signs,or logograms.” Despitethesmall

numberof primitives,it cangeneratemorethanjustconcreteideas.By variouscombi-

nationsandrelative positionsof thesymbols,theresultantpicturescanrepresentand

convey highly abstractideas.

1HereI meanthe picturesandimagessuchas thosein Modley's Handbookof Pictorial Symbols

[63]. I do not include“squiggles”thatarestrictly includedassyntaxto affect theinterpretationsof the

pictures.

23



Languagedoesnot have to involve imprints on two dimensionalsurfaces.Physical

gestureshave beena form of humancommunicationin many cultures(for example,

AmericanSignLanguage[ASL]). Signlanguagecanbeasrich asany written natural

languages.Signingis fascinatingto watch.At once,you might observe a gesturethat

immediatelyremindsyouof a notion(for theidea“monster,” you raiseyour armsand

actlike amonster);thenyouareseeingthe“spelling” of aword(if thelanguagehasan

underlyingtextual language);or you seea motionthatis purelysymbolic(e.g.,“fam-

ily,” “father,” and“grandfather”in ASL). Physicalgesturescanbehighly expressive,

visuallyunderstandable,andeasyto perform.

Theseobservationssuggestthe following. First, a small set of pictures,combined

with learnablesyntacticrules,canbe highly expressive. Second,thepicturescanbe

physical,asin physicalicons.Third,physicalgesturescanbethesyntacticoperatorsto

thephysicalicons. Interestingly, thephysicalprogrammingapproachin StoryRooms

[65], aresultof severalyearsof developmentwith youngchildren,sharemany of these

qualities.

2.2.2 Visual Programming Models

I have just suggestedthatphysicaliconsandphysicalsyntaxcanbea language.Now

let metakeastepbackandlook at therelationshipbetweenpicturesandprogramming.

This is generallyreferredto asvisualprogramming.

No uniformde�nition existsfor theterm“VisualProgramming.” Myersdescribesit as

“. . .any systemthat allows the userto specify a programin a two- (or

more)-dimensionalfashion.. .conventionaltextual languagesarenotcon-

sideredtwo-dimensionalsincethecompilersor interpretersprocessthem
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aslong,one-dimensionalstreams.” [69]

Shude�nesvisualprogramminglanguages(VPL) aslanguagesthatuse

“somevisualrepresentations(in additionto or in placeof wordsandnum-

bers)to accomplishwhat would otherwisehave to be written in a tradi-

tionalone-dimensionalprogramminglanguage...thelanguageitself must

employsomemeaningful... visual expressionsas a meansof program-

ming.” [95]

Burnettandotherswrote,

“Visual programminglanguageslet the programmersketch,point at, or

demonstratedata relationshipsor transformations,rather than translate

theminto sequencesof commands,pointers,andabstractsymbols.” [19]

Thesede�nitions have two ideasin common:1) thesyntaxof a VPL shouldcontain

elementsthatcanonly beexpressedthroughmultiple dimensions,and2) theprogram

is expressedin a visualway, andnotonly astext.

Similarly, a physicalprogramminglanguageshouldcontainelementsthatcanonly be

expressedthroughgestures(analogousto actionssuchassketchingandpointing on

a desktopcomputer)in the physicalspace,andthat the programcanbe createdand

experiencedin aphysicalway.

Green's classi�cation [38] of visual programminglanguagesis succinctand often

cited2. They are: 1) �o wcharts,2) data-�ow, 3) visual production,4) logic-based,

2Therearemany taxonomiesfor visualprogramminglanguagesandenvironments.A recentsurvey

onprogrammingenvironmentsandlanguagesfor novice programmersis by KelleherandPausch[52].
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and5) spreadsheet.In the next sectionis a summaryof the differentprogramming

models.

Control-�ow , or Flowcharts

Visualprogrammingbeganwith attemptsto make�o wchartsexecutable,this wasled

by thebelief that�o wchartsareusefulteachingtoolsfor trainingnoviceprogrammers

[38]. But, the introductionof new classesof users,suchasworkers,tinkersandpro-

grammers[71], requiresdifferent levels of programmingskills, and �o wcharting,a

conceptualabstractionbecameinappropriatefor some. Furthermore,this modelde-

clined in popularity, especiallywhena controlledexperimentshowed that graphical

representationswere not betterthan text [20]. One of the earliestandmost endur-

ing criticism of visualprogramminglanguages,whichstemsfrom the�o wchartbased

systems,is thescaling-upproblem[19]. That is, for small problems,�o w chartsad-

equatelyrepresentedprograms,but they quickly becomea jumbledmesswith an in-

creasein theprogramsize.An interestingexampleis the“static representation”prob-

lem [19]. Theextradimensionsin visual languagescansupportdynamicactivities (e.

g., programming-by-demonstration). But asthe visual programgrows, the activities

couldoverlapandcauseconfusions.

Data-�ow

In thismodel,datatravelsfrom inputnodes,to operators,andleavefrom outputnodes.

An operatorexecutesassoonasall its input nodeshave been�lled. Graphicalrepre-

sentationof �o w of control,suchasiteration,is dif�cult. Commercialproductssuch

asLabVIEW andPrographboth offer differentgraphicalsyntaxesto addressthis is-

26



sue. Someresearchhave shown thatdata-�ow basedlanguagesarebetterfor novice

programmers[4, 44], But othersdoubtthis claim [73].

Visual Production Systems

Thesearesimilar to textual productionsystems.Theproductionsareruleswith a left

side“picture” anda right side“picture.” Whena situationoccursin thevisualworld,

andthesituationmatchestheleft side,thentherule �res andtheworld is redrawn and

transformsinto thescenariodictatedby theright side.KidSim3 is oneexample[21].

Constraint, or Logic-Based

Onecommonconstraintoperationin text-basededitorsis search-and-replace.That

is, �nd all occurrencesof “bat” and replacethem with “cat.” CHIMERA [53], a

2D object-basedillustration system,shows how this featurecanbe implementedin

a higherdimensionenvironment. So,oneexamplemaybe, “�nd all squaresthatare

blue,andreplacetheir color to bright red.” Thequeryconstraintscanbeon a similar-

ity metric basedon location,shape,andgraphicalpropertiessuchasline width, and

color. ToonTalk [51], shows a solutionto the relatedproblemof generalization.In

this system,generalizationis accomplishedby the removal of constraintsin default

computations.

Spreadsheet

The commonspreadsheetsupportsmany of thequalitiesof an ideal visual program-

ming language.For example,activitieswithin its cellsarebasedondata-�ow, and,the

3Thisproductis now calledStageCastCreator.
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worksheetsupportsdirectmanipulation.

2.2.3 Novice User Programming Systems

Most prior work on novice userprogrammingsystemshave beenfocusedon the tra-

ditional desktopcomputermodel (see[52] for a survey of novice programmingen-

vironments). Papert's mechanicalturtle [75], the Curlybot [35], AlgoBlock [103],

ElectronicBlocks [117], and Tim McNerney's TangibleComputationBricks [61] ,

are few rareexamplesof programmingsystemsthat incorporatetangiblemanipula-

tion of real physicalobjects. Despitethe difference(2 dimensionalscreenversus3

dimensionalphysicalspace),researchin visualprogramminglanguages,in particular,

programming-with-examplesystems,canoffer usefulinsightsinto physicalprogram-

ming issues.

If traditional text basedprogramminglanguageshave beenpowerful anduseful for

creatingtechnology, why tinker with a good thing, and devise new programming

metaphors?The motivationsfor the researchbehindVPLs is the belief that “a pic-

ture is worth a thousandwords,” or that extra dimensionscanexpressmoreclearly,

concisely, andeasilythesemanticsof a program[19]. Datacanberepresentedin two

ways,analogicalandFregean(symbolic).For example,apictureof abicycle is anana-

logical representationof thebicycle object. Whereastheword bicycleis its Fregean

representation[96]. Conceptssuchasyesterday, or hungry, have no analogicalrepre-

sentation,andmustberepresentedby symbols.

Researchershavealsoknown for alongtimethatprogrammingis notanintuitiveskill,

andthatagoodvisualprogramminglanguagecanbeaneffectivepedagogicaltool, so

that computersciencestudentscanlearn the art of computingmoreeasily. A good
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VPL shouldbe easyto write, easyto understand,easyto debug, easyto learn,and

easyto maintain.Programminglanguagescanbedif�cult alsobecauseof theblank-

canvassyndrome. Textual programminglanguagesareabstract,non-interactive, and

Fregean.“What is neededis a lightweight,non-threateningmediumlike thebackof a

napkin,whereinonecansketchandplaywith ideas”[97].

Theseareambitiousgoals.Indeed,VPL is notwithout its detractors(e.g.,[15]). More-

over, evenwithin theVPL community, thereis asyet no de�niti veempiricalresearch

that shows that VPL is betterthantext basedprogramminglanguages.(A program-

ming tool that is morecloselyconstructedto solve problemswithin a domainspace

is just more likely to perform betterthan that tool which is not [39]). However, it

is clearthatprogrammingsystemsfor pre-literatechildren: 1) requirenon-text based

interactions,and2) needto minimize abstractionsby providing concreteanddirect

manipulationof programelements.Physicalprogrammingis not necessarilybetter

thanotherapproaches,but it maybemoreappropriatefor theyoungerpopulation.

2.2.4 Programming with Exampleand Programming by Example

Theconceptof examplebasedprogramming,or programmingby example(PBE),was

�rst introducedin Pygmalion[97]. A subsetof visual languages,thesesystemshave

theclearlyde�ned goalof providing enduserprogramming.Allen Cypherexplains,

“...thesetechniquesneednot beprogrammingper se: ratherthey needto achieve ef-

fectsthatcancurrentlyonly beachievedthroughprogramming.” In hisview, enduser

programmingcanbe: preference,scriptinglanguages,macrorecorder, andprogram-

mingby demonstration.Myersmakesadistinctionbetweenprogramming-by-example

(PBE)andprogramming-with-example(PWE)[69]. In theformercase,thechallenge
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is for thesystemto infer theuser's intent,by observingheractivities. For example,the

programmermight wantto demonstratea concreteexamplein orderfor thesystemto

createabstractions[53]. This is calledthegeneralizationproblem.In thesecondcase,

the programmerspeci�cally dictatesto the systemher intentsfor future reuse.This

mayalsobethoughtof asprogrammingwithin theuserinterface.

Two well known PWE systemsfor children are KidSim/StageCastCreator and

ToonTalk. KidSim allows theprogrammerto de�ne visualproductionrules,through

comicstrip like pictureframes[21]. In ToonTalk [51], computationalabstractionsare

replacedby concreteandfamiliar objects.A ToonTalk programis a city thatcontains

houses. Birds �y betweenhousesto transportmessages.Housescontainrobotsthat

canbetrainedto accomplishsmall tasks.To programa robot,theprogrammerenters

into its thoughtbubbleto show it whatto do. Thesetwo languages�ll avoid in thepro-

gramminglanguagesspectrum.They offer childrenwaysto explorein microworlds.

TheStoryRoomlanguageis a programming-with-examplesystem.Thereis clearad-

vantageto de�ning interactionrulesof objectsin a 3-dimensionalspacewhile being

insidethesamedimension.For example,it is clearerthatphysicalactionsin theroom

canhave direct physicalimplications. Contrastthis with keyboardactionshaving a

symbolic link into 3-dimensionalobjectsresidingin 3-dimensionalspace.This ab-

stractionmaybedif�cult for children.

2.2.5 Programming by Tangible Interactions

Little prior work exists on physicalprogramming. Papert's mechanicalturtle [75]

helpedchildren learn programmingin LOGO. More recently, Curlybot [35] is an-

otherrobot thatencourageslearningmathematicalconceptsfrom physicalplay. In a
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modi�ed versionof PETS[28], childrenwith physicaldisabilitiesgeneratephysical

movementsfor the robot to rememberand reenact[81]. Physicalblocksare popu-

lar tangibleinterfaceelements.McNerney's TangibleComputationBricks [61] allow

programmersto manipulateandconnectphysicalactionblocksthatcanreactto sensor

inputs.AlgoBlock [103],aneducationaltool for olderelementaryto junior highschool

students,is a collectionof physicalblocks,eachof which representsa commandin a

LOGO-like language.Theoutputof theprogramis still revealedon a displayscreen.

EletronicBlocks' [117] arespecialpurposesensor, action,andlogic stackableblocks

for preschoolchildren. Thesesystemscontrol thebehavior of the tangibledevicesin

their environment. A shortcomingof theseblocks-basedsystemsis that they areall

aboutthe blocksthemselves. In contrast,StoryRoomobjectsbridgethe interactions

betweenthehumanandthephysicalenvironment[2, 65].

2.2.6 The ScalingUp Problem

Visual languagesarenot immuneto thescalingup problem[19]. This disciplinesuf-

fers in two ways. Ideal visual languagesallow programmersto point at, sketch,or

demonstratedatarelationshipsor transformations,ratherthantranslatetheminto se-

quencesof commands.Thesedifferentwaysof expressingprogramsyntaxandse-

manticslie at theheartof thefundamentalproblemof visualprogramminglanguages:

attemptsto makethemusablefor large scaleproblemsoften requirethe reintroduc-

tion of the complexities that they weresupposedto simplify. This is the scalingup

problem.Thesecondscaling-upproblemis thelimited domainin whichcurrentvisual

languageshave beensuccessfullyapplied.Researchersarelooking for waysto make

VPL generalpurpose(e.g.,[51]).
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At this time, physicalprogrammingappearsto suffer from thescalingup problemas

well. As I will show in 6.1,physicalprogrammingis usedto createtransitionrulesof

a statemachine.The complexity of thestatemachinegrows rapidly with thesizeof

its alphabetandsetof states.Thismeansthatthenumberof transitionrulescamgrow

rapidly too.
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2.3 Technologyfor Learners

I hear, andI forget.

I see,andI remember.

I do,andI understand.

—Confucius

Childrenlearnby playingwith blocks,drawing on paper, andbuilding make-believe

worlds. WhenFriedrichFroebeldevelopedthekindergartenin the1830s,hebegana

traditionof teachingthatencouragesself-learning,discovery, andpersonalexpression

[16]. Froebel's teachingmaterial(gifts), objectssuchaswoodenblocksof crystalline

structures,balls, strings,andsticks,wereplay thingsfor childrento explore shapes,

symmetries,andothermathematicalconcepts.This learningphilosophyis alsosup-

portedby theconstructivist theoriesof JeanPiagetandPapert's theoryof “Construc-

tionism.” Papertassertsthat learningis an active process,in which peopleactively

constructknowledgefrom their experiencesin the world [76]. This processof con-

structingone's personalmentalstructureis called“Piagetianlearning” [75]. People

don't get ideas; they makethem. Furthermore,the most effective learningoccurs

whenthey constructobjectsthat help makesenseof their internalmentalmodelsof

theworld. JeromeBruneroffersa similarperspective, thatpeoplethink in threeways:

1) enactive, doing thingsto think; 2) iconic, thinking with pictures;and3) symbolic,

thinking with abstractsymbols[18].

With few exceptions,computationaltechnologyintroducedinto classrooms,particu-

larly in kindergartensandelementaryschools,have not beencompletelysuccessful

in encouragingthis typeof active exploration,self-learning,andcollaboration[106].
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In largepart, dueto theconstraintsof their mice andkeyboards,whencoupledwith

poorly designedsoftware,canactuallyinhibit Piagetianlearning.

Recognizingboth children's innateabilities andthe potentialaffordedby new tech-

nology, researchersbeganlooking for waysto developnew computationallyenhanced

environmentsto encourageself-learning.In particular, SeymourPapertandMitchell

Resnick,at MIT, in�uenced by JeanPiaget,becameproponentsof “computational

objectsto think with” [75, 85]. Learnersrely onpersonallyidenti�able objectsto gen-

eratesideas,andmakesenseof them,in theirminds.A systemthatcanbeindividually

moldedinto meaningfulobjectsenableschildrento learnfrom theconstructionof their

personalobjects-to-think-with. Someof themoresuccessfulsystemsincludetheLogo

programminglanguage[75] andLEGO's MindstormsRoboticInventionSystem[59].

Theseareprogrammingsystemsthatencouragechildrento learnscienti�c concepts.

Next to thesesystemsthatsupportscienti�c inquiry arestorytellingtechnology. Sto-

riespreserve our culturesandhistories,enableusto communicateour ideasandfeel-

ings, andeducatelearnersof all ages[17, 37, 74]. With this understanding,many

researchershave beendevelopingsystemsfor children to explore novel storytelling

approaches.TheseincludeSAGE (StorytellerAgent GenerationEnvironment[107],

PETS(PersonalElectronicTeller of Stories)[28], andMicrosoft's ActimateBarney

[100]. At theUniversityof Maryland,I developedtheStoryRoomandphysicalpro-

grammingsystemsfor childrento constructroom-sizedphysicalstorytellingenviron-

ments[2, 65]. Unlike otherstorytelling systems,StoryRoomexplicitly encourages

childrento constructtheir personalphysicalobjects,usingcommonmaterialssuchas

paper, crayon,box,andtape,aspartof thestorytellingexperience.

Mostconstructionkits arevirtual programmingenvironmentsfor childrento construct

microworlds [21, 75]. Thesevirtual worlds have alsobeenusedas testbedsfor re-
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searchersto probetheextent to which six to eight yearold childrenunderstandpro-

grammingandrules(e.g.,[48]). PETS[28], StoryRooms[2], andTellTale [5] area

few systemsthatencouragechildrento manipulateor usephysicalobjectsaspart of

thestorytellingexperience.

2.4 Participatory Design,Methodsand Processes

Thedesignprocessis inherently�uid anddynamic,andsinceno formalmethodsexist

thatguaranteeinsightsor breakthroughs,a practicethatencouragescollaborationand

thespontaneousoutburstsof creativity canaffect thequality of thework place.This

designpracticeis calledcooperativedesignin Scandinavia (e.g.,[101]), participatory

designin theUnitedStates(e.g.,[40]), andconsensusparticipation in England[68].

They sharethe commonbelief that userparticipationis necessaryto createtechnol-

ogy that attendsto the idiosyncrasiesof differentwork environments. Furthermore,

whereasin the pasttherewas a gulf betweenthe “know” and the “know-nots,” or,

technologistsversususers,theseresearchersbelieved that usersneededto fully and

actively engagedin theprocess,andnotberegardedastokenparticipants[41].

Researchon therelationshipbetweenchildrenandtechnologyhadbeensporadicand

appearedin relatedbut distinct disciplines. Educatorsand child psychologistsdis-

cussthe learning impactsfrom interactionsbetweenchildren and technology(e.g.,

[75, 102]). In the HCI community, the �rst publicationrelatedto children's issues

wasTom Malone's studyof gamesfor children [58]. Children and technologybe-

camea signi�cant researchtopic in theearly1990s(e.g.,[77, 99]). At thesametime,

children's rolesin thedesignprocesswereidenti�ed asuser, informant[88], andde-

signpartner[23, 24]. Elementary-school-agedstudentshavebeenthesubjectof many
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of thesestudies. Researchersat the University of Maryland have alsoworkedwith

kindergartenersasdesignersandasinformants[32, 64]. In thechapterthat follows I

will discussthesemethodsandtheir context.
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Chapter 3

Cooperative Inquiry: A Participatory Design

Framework for Collaborating with Childr en

Whenpeoplediscussthedesignprocesses,they oftenrefersolely to theendproduct

of that process,the technology. For me, my designgoal wasa new kind of educa-

tional technology, onethatincorporatedmany differentconstructiveandcollaborative

learningexperiences.I am alsointerestedin thedevelopmentprocessandthe learn-

ing experiencethat camefrom building andstudyingtechnology. Many researchers

have referredto this typeof learningastheoutcomesof cooperativeor participatory

designprocess[31, 40,68]. Educators[55] have alsocall it a communityof practice.

Druin describedthis as“... a communityof peoplewith differentskills that learnas

they work towardsharedgoals[23].” At theUniversityof Maryland,we developeda

methodologythatembracesthis closecollaborationbetweenchildrenandadults,co-

operative inquiry [23, 24]. To bestunderstandhow my dissertationresearchevolved,

onemustunderstandmy experiencesin thedesignteamof childrenandadults.

I workedwith two groupsof children: elementaryschoolagedstudentsfrom seven

to eleven yearsold, andkindergartenstudents(4-6 yearsold). Although they were
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closein age,my approachto working with thetwo groupswasquitedifferent.There

weremany differencesbetweenthetwo agegroups.Somewereobvious,suchasthe

fact that most kindergartenchildrenwerepre-literate. Other differenceswere more

subtle. For example,if a kindergartenerproposesa goodidea,thenmagicallyevery

studentalsowould have the sameonetoo. This wasnot true for the older children,

who took pridein creatingnovel ideas.In thesectionsthatfollow, I will describethe

compositionof the intergenerationalteamI workedwith. Then, I will describemy

roles in the group. I will alsopresentsomecommonquestionsaboutthe IDT and

its designapproach.Then I will describespeci�c activities that I have found to be

effectivefor workingwith theprimaryschoolandthekindergartenchildren.

3.1 The Collaboration BetweenChildr en

and Researchers: An Inter generational

DesignTeam

Our researchteam,the intergenerationaldesignteam(IDT), hasalwayshadat least

twelvemembers.Betweensix to eightmemberswerebetweensevenandelevenyears

of age,andcamefrom local (public andprivate)elementaryschools.Thesechildren

stayedwith theteamfor anextendedterm,for anaverageof 2 yearsto asmuchas5

years. The adultswereundergraduatestudents,graduatestudents,andfaculty, from

diversedisciplinessuchas art, education,engineering,and computerscience. We

shareda commongoal: to understandwhy childrenwereinterestedin andwishedto

playwith new andexisting technologies.This investigationledusto developavariety

of prototypes(e.g., [28, 2, 46, 47]) andto the developmentof the principlesbehind
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cooperativeinquiry.

3.2 My Role in the Inter generationalDesignTeam

I wasa memberof the intergenerationaldesignteamever sinceits inceptionat the

Human-ComputerInteractionLab, in 1998. My role of beinga designpartner has

beentheoneconsistentactivity throughoutmyprojects:PETS,StoryRooms,andphys-

ical programming.I have takenon otherrolestoo. I evolvedfrom beinga studentof

the cooperative inquiry designframework to oneof its main contributors. Through-

out themany designsessions,I observedandanalyzedthemany speci�c andpractical

activities. Thesebecamea foundationsetof standardoperatingproceduresfor our

researchsessions(section3.5).

As a computerscientist,I have alwayscontributedmy technicalabilities to theteam.

In particular, my strengthin rapidly creatingworkingprototypesfor theteamallowed

usto have concreteobjects-to-talk-with.

I wasalsoa mentorto many undergraduatestudentswho camethroughtheIDT pro-

gram. Whetherthey camefrom mechanicalengineering,computerscience,or chil-

dren's technology, I challengedthemto performto thebestof their abilitiesandat the

sametime learnthenuancesof having childrenaspartners.

In thebeginning,becausePETSwasprimarily anexperimentalprojectto understand

andsolidify the cooperative inquiry methodology, I found myself in several rolesat

once.I wasastudentof thetechnique.I learnedto bewith children.I facilitateddesign

sessions.I learnedto asktheright questions.And, I designedtheenablingtechnology

for therobot.Having many rolesatoncehasbeenthenormalmodethroughoutmy six
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yeartenure.The�rst yearwasmy transformationfrom a computersciencespecialist

to a human-centeredgeneralist.

WhenI beganmy dissertationwork on StoryRoomsandphysicalprogramming,I was

alreadymuchmorecomfortableasanadultdesignpartner. So I devotedmuchmore

time to observingthesessions,thinking aboutwhathappened,whatwentwrong,and

whatwasbrilliant. It wasduringthis time thatDruin andI discoveredthatoneof the

strengthsof ourmethodologywasthatit createdanatmospherewheretheelaboration

of brainstormingideasoccurwith remarkablefrequency [24].

I think it is safeto saythatI have mademany contributionsto theIDT over theyears.

With certainty, I know this would not have happenedhadI not learnedfrom the indi-

vidualsin thegroupaswell.

3.3 Working with Childr en

It is clear to many peoplethat a successfuldesignteamshouldincludepeoplewith

many differentspecialties.For example,amechanicalengineercoulddesignandbuild

thephysicalstructureof a tangibleplaything. Of course,givenenoughtime, anyone

might be able to do this. And he (the non-engineer)would surely gain a valuable

learningexperience. While this may be an enlighteninglearningprocess,it would

probablynot bea very ef�cient way to developproducts.Similarly, we canseehow

other expertswould be integral to the designteam. The educatorwould guide us

andshows uswaysto collaboratewith children.Theparticipatorydesignpractitioner

would offer a designframework. And, theartistwould transform“hard,” “cold,” and

“ugly” machinesinto beautifulfunctionalfriendly objects.It mightevenbeacceptable

to includechildrenin thelimited capacitiesof testersor users.
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But it wasnot obvious to observersof the IDT researchwhy childrenhad“so much

control” on our team. After all, many would suggestthat it is dif�cult enoughto

have a good working teamof adults; therewould be no advantagesto making the

developmentprocessmorecomplicatedby includingyoungpeoplewho(presumably)

don't know asmuchasgrown-ups. Visitors to HCIL have often askedthe following

questions:“How do you work with children?” “How do you selectthe `right' child

for thegroup?”“Won't they slow down thedevelopmentprocess?”“Why dowe need

them?After all, we wereall youngonce,sowe shouldknow whatandhow children

think.” The commonunderlyingthreadseemedto be this: Canchildrenbe effective

partners,and,are they quali�ed? Having spentthesepastsix yearswith the young

designers,I believe theansweris decidedlyaf�rmati ve.

3.4 How to Work with Childr en

Without a doubt,it is dif�cult to work with childrento designtechnology. Thereare

many reasonswhy this is thecase.For instance,youngchildrenhave moredif�culties

verbalizingtheir thoughtsthanadults.This is particularlytruewhenthey wantto con-

vey abstractideas[78, 79]. Sounlessadultsacquiretheskills to properlycommunicate

with them,it would be dif�cult to involve themin developmentefforts. In addition,

while therehasbeenimmenseamountof researchinto communicationamongadults

of varyingskills, it hasonly beenin thepastdecadethatresearchershave cometo un-

derstandhow to work with children. Also, traditionaltypesof relationshipsbetween

adult andchild, suchasspeaker-listener, parent-child,or instructor-follower, arenot

alwaysusefulin collaborativesettings.Finally, misconceptionsabouttheproperroles

of adultsandchildrencanoftenleadto frustration.For example,childrenarenot “just
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shortadults,” implying they areequallycapableof any taskthatanadultcanhandle.A

seven-yearold child shouldneveroperateheavy machinery. Alternatively, justbecause

achild uttersastatementdoesnotnecessarilymeanthatit mustbefollowed.Thechild

maybeanexperton beinga child, but shewouldnot alwaysknow whatis in thebest

interestof youngpeoplein certainsituations.In short,childrenareanentirelydifferent

userpopulationwith their own culture,norms,andcomplexities [10], andthey should

betreatedaspeoplewith specialknowledgeaboutthesubjectof “beingchild;” just as

engineersarepeoplewhoknow a greatdealaboutbuilding things.

3.4.1 Won't They Slow Down the DesignProcess?

Yes,childrencanslow down the designprocess.Productscantakelonger to build.

This is especiallytruefor a new team.My experiencehasbeenthat it takesaboutsix

monthsbeforeanintergenerationalteambecomesproductive[2]. Also, sincethereare

differentforms(i. e.verbal,drawing,writing, building) of communicationpreferredby

eachchild, theadultsneedto recognizethatthesameconversationmight berepeated

several times,usingthesedifferentchannels.Thisextraeffort translatesto moretime.

Alternatively, thedesignprocesscanslow down justbecausechildrencanoffer insights

for bettertechnology, resulting in new featuresand ideasthat were not part of the

originaldesigngoals.

But considerwhatmighthappenif adultstry to build technologywithout incorporating

children's insights.Hereis ahypotheticalscenario:

1. An adulthasa “great” ideafor new technologyfor children.

2. Theadultbuilds it.
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3. Theadultshows thegadgetto kidsandasks,“What doyou think?” And, “What

shouldI do to makeit betterfor you?”

4. Thekids look at theadultandmumbles“I dunno,” or “I don't understand,” or “I

don't like it.”

5. Theadulttriesto rephrase“What doyou think?”

6. Kids mumbleandwalk away.

Doesthis soundfamiliar? What happened?I believe this gulf in communicationis

thephenomenonof two monologues. Whatappearsto beaninteraction,or dialog,is

really just thetwo sidestrying to guessat what theotheris really saying.Thereis no

transfer, or �o w, of information.Let uslook atsteps3) through6) againin table3.1.

Table3.1: Phenomenonof two monologues

Adult'sPerspective Child'sPerspective
Adult shows the gadgetto kids and
asks, “What do you think?” And,
“What shouldI do to makeit better
for you?”

Informationoverload!What's
all that stuff? What's going
on?Why arethesethingspur-
ple?Why is thatthing round?

Kids look at grown-up andmumbles
“I dunno,” or “I don't understand,” or
“I don't like it.”

Justsayanything.

Adult tries to rephrase“What do you
think?”

Child thinks, “Hmm. I don't
like purple.Therefore,I don't
like this thing.” Child says“I
dunno?”

Kids mumbleandwalk away. Whowasthat?

The problemis that childrenhave no context in which to understandthe objectpre-

sentedbeforethem,and,grown-upshave no context in understandinghow children

comprehendtheirenvironment.Consequently, whenall a child seesis thetechnology,
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shecannotunderstandthe rationalebehindits features.Now, the adult might try to

decipherthe ever so deep“I don't like it.” But, he may very easilymisinterpretthe

child, becausethat is just not enoughinformationto work with. And if theadultdoes

misinterprethisobservations,andif hethentriesto createanew iterationbasedonthis

falseinterpretation,thenthetechnologymaystrayfrom its intendedobjective.

3.5 Working with Childr en: Standard Operating

Procedures

Druindescribescooperativeinquiry asa“philosophyandapproachto researchthatcan

beusedto gatherdata,developprototypes,andforgenew researchdirections[24].” It

is composedof threetypesof activities [24]:

Contextual Inquiry Observe whatchildrendowith whattechnologiesthey currently

have.

Participatory Design Hearwhatchildrenhaveto saydirectlyby collaboratingonthe

developmentof “low tech”prototypes.

TechnologyImmersion Observe what children do with extraordinaryamountsof

technology(similar to whatthey might have in thefuture).

Within thisframeworkarethreeiterativeevents:1) settingexpectations,2) brainstorm-

ing,and3) re�ecting onthesession(�gure 3.1). In thissectionI presentaclassi�cation

of the typesof activities that I have found to be effective for many frequentlyoccur-

ring situationsin theIDT researchlab. Considerthis theadult teammembers'list of

standardoperatingprocedures.Dif ferentactivity patternsdominateeacheventphase.
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Figure3.1: Thethreeiterative activities of thecooperative inquiry designmethodol-
ogy.

Theexpectationsandre�ection phasesareunlike thebrainstormingphasein that the

researchteamadheresto a standardsetof questionsandactivities for every session.

On theotherhand,thebrainstormingphaseis intrinsically very differentbecausethe

dynamicsof eachsessioncanvarysomuchthatthereis reallyno�x edrecipe.Instead,

I offer a “trouble-shooting”chartthatcontainsa list of commonissuesandsomeexer-

cisesto addressthesesituations.Sincetheprimarybrainstorminggoalof cooperative

inquiry is to foster elaboration [2], many of theseexercisescan makeelaboration

happenmorefrequently, easier, andfaster.

3.5.1 Activities for the SettingExpectationsPhase

Adult teammemberssetexpectationsduring two distinct activities: adult debrie�ng

andsnacktime. This orderis important.Adult debrie�ng occursafterevery research

session,andincludesonly adults.They review andanalyzethesession,andagreeon

a goalfor thenext session.Then,duringthesnacktimeof thenew session,theadults

introducetheday'sdesigngoalto thechildren(�gure 3.2),whetherit bebrainstorming
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Figure3.2: Adult debrie�ng andsnacktime arecritical momentsfor settingexpecta-
tions.A typical chainof eventsis 1) adultsre�ect andevaluateon thecurrentsession,
2) adultssetnew goalsfor futuresessions,and3) adultspresentthegoalsto children
duringsnacktime.

or re�ection events.It is importantto notethatby snacktimethegoalhasalreadybeen

alteredfrom thetechnicalandabstractinto a form thatchildrencancomprehend.

For brainstormingevents,althoughadultsde�ne a list of expectations,they do not

enforcetheoutcomeof thesession.Indeed,they may �nd that childrentakethede-

sign teamin completelydifferentdirections,or that their ideasundergo an extensive

elaborationprocess.An expectationis just aworking topicandnotsetin stone.

Adult debrie�ng and analysis

TheATM debriefaftereveryresearchsession.Morethanjustawayto setfuturegoals,

thesereview sessionsalsohelptheadultsre�ne thecooperativeinquiry methodology.

Perhapsthe most importantlessonthat I have learnedis that debrie�ng can help a

designgroupidentify andtailor thespeci�c techniquesthatwork bestfor its members.

Table3.2containsthestandardquestionsfor debrie�ng.

Table 3.2: Standardquestionsduring adult debrie�ng ses-
sions.

Question Reason
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Table 3.2: Standardquestionsduring adult debrie�ng ses-
sions,continued

Question Reason
WeretheATM's expecta-
tionsmet?

This is alwaysthe�rst question.It setsthe
tonefor thereview session.

What techniquesdid not
work? Why? Did the
ATM make any obvious
mistakes?

This helpsthe adultsdistinguishmistakes
thatweredueto de�cienciesin thedesign
processor from lapsesin adheringto the
cooperativeinquiry framework.

Were there any elabora-
tions? What were they?
What were the sequence
of events?

Sinceelaborationis the main brainstorm-
ing goal, the ATM analyzethe eventsthat
led to the elaborationsand identify their
triggers.

Did any critical ideasoc-
cur?

Conceptualbreakthroughsareoftenimpor-
tant cornerstonesin the resultingtechnol-
ogy.

Whatdid thechildrenand
adultswrite in their jour-
nals1?

Duringbrainstorming,it is notalwayspos-
sible to hear every person's contribution.
Journalsoffer anotherdemocraticway for
all membersto voicetheir opinions.

What did the children
videotape,write,ordraw?

It is very easyfor adultsto focuson top-
ics that they think areimportantfor every-
one. By reviewing children's re�ections
of brainstormingsessions,adultscan un-
cover issuesthat are important from the
children'sperspectives.

Are moresessionsneeded
to achieve the current
goal? Shouldthegoalbe
re�ned or changedto new
setof expectations

TheATM mayhave underestimatedtheef-
fort requiredto attaina goal. Or, the IDT
mayhavemadeabreakthroughthatenables
theteamto move to thenext problem.

1With thestartof every year, theadultsandchildrenreceived a journal to entertheir observations,
ideas,andre�ections. For pre-literatechildren,it wascommonfor themto expresstheir ideasthrough
drawing. Often, the childrenwould alsoverbalizetheir thoughtsfor the adultsto transcribeinto the
journal.
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SettingNewExpectations

Adult debrie�ng givestheATM informationneededfor theanalysisphase,wherethe

adultsre�ne or re-de�neanexpectation,choosesupportingdesignactivities, allocate

humanresources,prepareprototypingmaterials,anddeveloponesimpleexpectation

statementsothatbothadultsandchildrencanunderstandthegoal.Table3.3containsa

pre-sessionchecklistandquestionnairetheATM usebeforeeachdesignteammeeting.

Table3.3: Pre-designsessionchecklistandquestions.

QuestionandChecklist Reason
What is the type of the
next session(contextual
inquiry, low-tech proto-
typing, sticky session,
etc.)?

This is a useful �rst questionsince con-
textual inquiry, participatorydesign,exhi-
bitions,etc.,requiredifferentpreparations.

Can the goal be reason-
ably attained within the
session?

The ATM de�ne goals that are small
enoughso that the IDT can accomplish
somethingfor eachmeeting.

Choose appropriate
brainstormingactivities.

For example,if theATM plana contextual
inquiry session,thentheadultsneedto de-
�ne thecontext andpreparethelab for this
activity. Or, if theplanis to sketchnew de-
sign ideas,the IDT would uselow-�delity
prototypingmethods.

Allocate team members
to work on appropriate
activities.

Just as adults have specialties,children
alsohave strengthsandweaknessesasde-
signers. After the ATM have decidedon
the brainstormingactivities, the adultsse-
lect the bestpeopleto handlethesubtasks
within thoseactivities.
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Table3.3: Pre-designsessionchecklistandquestions,con-
tinued.

QuestionandChecklist Reason
Prepare,collect, or pur-
chaseprototyping mate-
rial.

Dif ferentkindsof sketches(prototype)re-
quire different material. For example, a
storyboardsessionmayonly needmarkers,
crayons,and lots of paper. But a project
such as a robot might requireclay, pop-
sicle sticks, glue, scissors,LEGO pieces,
motors,etc.

Develop a simple state-
ment of the new session
goal.

All membersshouldeasilyunderstandthe
expectation. Thus, “We are going to de-
signanad-hocdistributednetworkingpro-
tocol.” would not be appropriate,since
children may not have the backgroundto
understandthis statement. Alternatively,
“Let us invent toy animalsthat play with
each other when you put them all in a
room.” might be a more concretegoal
statement.
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SettingExpectationsDuring SnackTime

BecausetheIDT usessnacktimeasatransitionfor bothadultsandchildrento become

designpartners,theATM presenttheexpectationfor thesessionin incrementalsteps,

from generalbanteringaboutfun topicsto morecloselyrelatedideasand�nally to the

explicit expectationstatementthat theadultspreparedduringadult debrie�ng. Table

(table3.4)containsthelist of discussiontopics.

Table 3.4: Snacktime discussiontopics the adults useto
transitionfrom generalbanterinto presentationof session
goal.

Thingsto Say Reason
Share some fun stories
andjokes.

To preparethe group for a brainstorming
session,adultsandchildrensharefun sto-
ries to breakdown the ageand authority
barriersbetweenthem.Thetopicsareoften
silly, suchas knock-knockjokes, favorite
junk-foods,andmostdisgustingice cream
�a vors.

Ask a round-tableques-
tion of general interest
that is relatedto the re-
searchagendaof theday

This is a transitional statement. These
questionsmovethechildrenfrom theirreg-
ular role asstudentandchild to therole of
designer. For example,if theATM goalfor
thedaywereaboutbuilding aninterfaceto
querya digital library for 5 yearold chil-
dren,thentheadultsmayask,“Do youever
look thingsupontheweb?”Or, “Haveyou
goneto the library to look for booksabout
vegetables?”
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Table3.4: Snacktimediscussiontopics,continued.

Thingsto Say Reason
Ask a questionthat ties
the previous brainstorm-
ing sessionto the day's
goal

The child designersmove closerto under-
standingthe context of the day's session.
Here is an example, takenfrom a design
sessionon StoryRooms:“Do you remem-
ber last time whenwe wentaroundtheta-
ble makingup a story?Well, today, we are
goingto dothatagain,just to warmup. Af-
ter that, we aregoing to think aboutwhat
kind of computerwe canmakethat letsus
turn this roominto thatstory.”

State the expectationfor
a contextual inquiry ses-
sion

Begin the sessionby talking aboutrelated
subjectsthatthechildrenarealreadyfamil-
iar with. Then,narrow to thespeci�c sub-
ject. For example, when the IDT began
the StoryRoomsproject, the ATM asked
thechildrento think abouthow many ways
they know to tell a story (i.e., reading,
movie,music)andwhatelementsgoodsto-
riesshare.Theadultsaskedsuchquestions
as,“What wasyour favorite movie of this
month?” Then, after everyonehasgiven
hisopinion,theadultsfollow upwith, “To-
day, wearegoingto �gure outwhyyoulike
thesemovies.”

State the expectationfor
a contextual inquiry �eld
trip

TheATM explain why thegroupis going,
andwhattheteamshouldthinkaboutwhile
there. For example, the IDT visited Port
Discovery in Baltimoreto learnaboutstory
spaces.TheATM mightsay, “Wearegoing
to PortDiscovery todaybecausethey have
a mysterystory-room. Think aboutwhat
you like anddonot like abouttheway they
built it. Also think aboutwhetherit is ex-
citing, boring,fun, or frustrating.”
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Figure3.3: Adultsandchildrenlooking for patternsduringa stickiessession.

Table3.4: Snacktimediscussiontopics,continued.

Thingsto Say Reason
State the expectationfor
analyzinga problem

Usually after a contextual inquiry session,
theIDT hasidenti�ed issuesto investigate.
But we don't necessarilyunderstandwhy
theseproblemsexist. To preparethe IDT
for sessionsto understandthe natureof a
problem,the ATM would say, “Last time,
we lookedat GadgetX. Today, we arego-
ing to start with a stickies session2 and
�gure out what we liked and what needs
work.” (�gure 3.3)

3.5.2 Brainstorming

Five issuesoccurfrequentlyduringbrainstormingsessions:1) understandingtechnol-

ogy, 2) evaluatingtechnology, 3) designingtechnology, 4) stagnatingdesignsession,

and5) uncooperative children. The following lists thesesituations(�gure 3.4) and

describessomepracticalresponses(table3.5).

2A stickiessessionis an analyticactivity. Both adultsandchildrencontributeseveral sticky notes
thatcontainlikes, dislikes,andsuggestionsfor improvementsto the technologyunderreview. All the
notesarepostedon thewall for theteamto offer comments.
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Figure3.4: Issuesthatariseduringbrainstormsessionsandhow theIDT solvesthem.
In therectanglesareissuessuchasunderstandingtechnologyto overcomingastagnat-
ing moment.Thebubblesarethesolutionsthathave beenconsistentlyuseful.
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Table 3.5: Commonbrainstormingevents and useful re-
sponses.

Situation Exercise Explanation
Understanding
existing technol-
ogy

Contextual
Inquiry

A great way to understandtech-
nology is to use it. Every new
projectbegins with contextual in-
quiry sessionsof relevant tech-
nologies.

Understanding
existing technol-
ogy

Evaluation
Sticky Notes

The IDT follows every contex-
tual inquiry sessionwith an eval-
uation stickies exercise. Evalu-
ation sticky notesoffer a demo-
cratic way for designteammem-
bersto voice their opinionsabout
atechnology. Eachmemberwrites
onsticky notes3 thingsthey “like”
and3 thingsthat they“don't like.”
Thesecommentsare postedon a
white board for all to evaluate.
Then,asa group,we identify ma-
jor classesof positive and nega-
tive features,the most important
issues(by frequency), and good
ideas,from all thecategories,that
deserve furtherinvestigation.
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Table 3.5: Commonbrainstormingevents and responses,
continued.

Situation Exercise Explanation
What is good
and bad about
thetechnology?

Act Out Scenar-
ios

Stickiessessionsidentify theprob-
lemsthatthedesignteamwantsto
solve. The next stepis to dissect
theproblem,�nd outbothpositive
andnegative characteristics.One
very effective methodto analyze
problemsis to act out scenarios.
Thatis, theteammembersbecome
the various parts of the technol-
ogy andact out what the technol-
ogy might do in a situation. This
givesboth the adultsandchildren
a concrete3 understandingof what
is happening. It makesabstract
notionsconcreteandphysicaland
visual. This works well because
there is no need to build proto-
types,whichtakestimeandeffort.

Sketchnew tech-
nologysolutions

Low-tech proto-
typing

Low-tech materialsuchas paper,
glue, andcardboardboxesenable
bothadultsandchildrento visual-
ize their ideasfor new technology.
It is inexpensive,quick,andfun.

Sketchnew tech-
nologysolutions

IdeaStickies There are times when even low-
techprototypesrequiresmore ef-
fort than it is worth. Use idea
stickiesinstead. Idea stickiesare
just sticky notesof different col-
ors.Sketchpictures,icons,words,
on thesepapersand shuf�e them
aroundto actoutscenarios.

3Recallthatyoungchildrenthink bestin physicalways.
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Table 3.5: Commonbrainstormingevents and responses,
continued.

Situation Exercise Explanation
Stagnant pe-
riod, kickstart
the elaboration
process

Speedround The designgroup sits in a circle
and a leader begin by stating a
goal. Then, eachpersonaround
thecirclecontributesanidea.This
persononly gets one secondto
think about it. If he cannotcon-
tributeanidea,thenyou say, “Too
late!” and move to the next per-
son. This works wonderswhen
the group is not moving forward
becauseit removesinhibitionsand
encourageseveryoneto just blurt
out something.As soonasa truly
great idea comesout, the design
teamcanpounceon it andelabo-
rate. Whena personis not given
enoughtime to think, he can be
silly with his idea. The children
seemto understandthis and in-
steadof worrying about whether
they appearfoolish to others,they
insteadenjoytrying to outdoeach
other.
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Table 3.5: Commonbrainstormingevents and responses,
continued.

Situation Exercise Explanation
Stagnant pe-
riod, kickstart
the elaboration
process

IdeaStickies When a discussionis becoming
too abstract,childrenmaylosefo-
cus. When this happens,make
theideasconcreteby puttingthem
down onto ideasticky notes. Be-
causesomechildren cannotread
aswell asothers,usepicturesin-
steadof words. Idea stickies re-
generatethe brainstorming pro-
cessbecausethe childrencansee
and touch them. So even though
they containsthe sameelements
as verbal discussions,their phys-
ical presenceremindandfocusthe
kidson theproblem.

Stagnant pe-
riod, kickstart
the elaboration
process

Competitionand
deadline

If thechildrenbecomebored,split
the team into groups and make
the low-tech prototyping session
a competition. Not only do they
enjoy trying to outperform each
other, but the resultof thesecom-
petitionscanoftenbecomethe�rst
prototypesof new technology.

Stagnant pe-
riod, kickstart
the elaboration
process

Exhibition Tell your IDT teamthat you will
show off the new technologyand
give thema deadline. An exhibi-
tion setsa tonefor thedesignses-
sionsand lets both the adultsand
children know that what they are
makingis truly important.
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Table 3.5: Commonbrainstormingevents and responses,
continued.

Situation Exercise Explanation
Kid having a bad
day

The ATM constantlyremind our-
selvesthathalf theIDT teamis 11
yearsold or younger. Wheneven
just a coupleof themarehaving a
badday, the meetingcould easily
becomeunproductive. As adults,
we acceptthat somesessionsare
justnotgoingto beproductive.

Kid having a bad
day

Videographer
andreporter

Offer the child who is having a
badday to be a reporterandgive
her the video camera. Ask her
to �lm the session.This removes
her from direct interactionswith
theteam,but sheis still contribut-
ing by recordingthe meeting. If
a video camerais not available,
makeherthejournalistandaskher
to write down, or sketch,whatshe
observes,to put into herjournal.

Kid having a bad
day

Secretmessage Eachchild teammemberreactsto
baddaysin differentways. It can
behelpfulfor theadultteamleader
to developspecialgesturesfor ev-
ery child, so that whensheis un-
cooperative,shecanbetold about
it without being publicly embar-
rassed.

3.5.3 Re�ections

Fourexercisescaptureeventsin our lab: 1) adultdebrie�ng,2) journals,3) videotape,

and4) teampresentations.By analyzingthiswealthof data,theATM havebeenableto
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Figure3.5: Artifacts from theIDT researchsessionshelpde�ne futuregoals.

re�ne cooperative inquiry aswell ascreateinterestingnew technologiesfor children.

In Table3.6, I describethesefour activities andthe typeof informationthey capture

(�gure 3.5).

Table3.6: Re�ection activities andthe type of information
they capture.

Class Explanation Exercise
Adult debrie�ng This was discussed in

the expectationssection
above (3.5.1).

Referto page46.
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Table3.6: Activitiesduringre�ection, continued.

Class Explanation Exercise
Journals Journals are more than

just archives. They are
also records of changes
and re�nements in the
cooperative inquiry prac-
tices. For the children
team members, it is a
way for them to remem-
ber their contributions as
designersin the team. It
is useful to set aside10
minutes at the end of
the day, and write down
re�ections, contributions,
andobservations.

It is useful to throw
out a few questionsfor
the children to answer.
This helpsthem write. I
have found these to be
effective questions:“My
best idea today was.. . ”
“Today I learned.. . ”
“My contribution to the
group was.. . ” “Today
I liked.. . ” “Today I
did not like. . . ” They
also enjoy sketchingany
prototypesthat they built
into their journals.

Videotape Footagecapturedby chil-
drencanreveal their per-
spectives of the design
process and what they
perceive to be important
issues.

Both adult and children
members videotape de-
signsessions.

Team presenta-
tion

Thesepresentationsbring
closure to the day's ac-
complishments. They
alsoallow theteamsto re-
view andcommentabout
thework of othergroups.

If the session involved
competitionsor members
workedin sub-groups,the
groupalwaysreserved10
minutes at the end of
the sessionfor the teams
to discusswhat they had
doneandwhat wasdif�-
cult.
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3.6 Working with Kinder garten AgedChildr en

WhentheIDT expandedits researchmethodsto includekindergartenersasdesigners,I

did notquiteknow whattoexpect.Werethey matureenoughto beproductivemembers

of a designteam?Whatwerethebestrolesfor them?Whatchangesto ourmethodol-

ogy wereneededto bestaccommodatetheir needs?During its pilot yearof study, the

designteamdiscoveredmany changeswereneededto workwith kindergartenstudents

[32].

One modi�cation that I learnedwas that word choicewas incredibly important. It

couldeithermaketheabstractideaseemeasyto understand,or thesimplestconcept

impossibleto grasp.

3.6.1 UseTheir Words

I found that using words within the kindergartenchildren's vocabular allowed the

adultsto communicateour ideasmoreclearly to them. By closeobservationandre-

view of videotapes,I pickeduponthetypesof words,or evenexactphrases,kidsused.

For example,while theadult IDT memberswerepresentingtheStoryRoomsconcept,

a child, trying to makesenseof his observations,madethecommentthat therewere

“invisible wires” in the room. This wasa profoundmoment,asthe adultshadbeen

up to thatmomentstumpedon �nding a way to explain themostabstractpart of the

technology, which wasthe wirelessinteractionsbetweenthe physicalicons. Now if

onechild wasableto describewhat wasgoing on, it wasprobablysafeto usethose

samewordsonotherstoo. Use“kid-friendly,” or “kid-originated” languagewith them.

They will understandconceptsat their level.
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3.6.2 Level of Concreteness

Ask simple,speci�c, andpointedquestionsto kindergarteners.At this age,they may

belessablethantheolder, elementaryschoolstudentsto producegooddesignideasin

a completelyopen-endedforum. Hereis anexamplefrom thephysicalprogramming

project[65]. SupposeI wanttosay, “I amconnectingthesetwo things.” I mightinstead

say, “I ammakinganinvisiblewire betweenthesetwo things.” Theword“connect”is

dif�cult for thechild becausethereis nophysicalmanifestationof connectedness.But

a wire is real. It cantransferthingsfrom oneplaceto another. To thekindergartener,

it makessensethatawire, evenif it wereinvisible,canbelaid betweentwo objects.
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Chapter 4

PETS: My First Physical Interacti veStorytelling

Construction Kit

The seedfor a physicalinteractive storytellingspacecamefrom my early work on a

specialrobot calledPETS(a PersonalElectronicTeller of Stories). The goal of this

projectwasnot so muchthe creationof a new technology, but rather, it wasa way

for the IDT to develop a participatorydesignframework that could includechildren

asdesignerpartners[23, 24,26, 27]. After therobotwascompleted,I not only came

to understandmoredeeplythe rolesof childrenin a designteam,I alsocameto un-

derstandthatchildrenwereinterestedin tools for themto createtheir own interactive

stories.

By itself, PETSwas a successfuldemonstrationof what a physicalstorytellingkit

mightcontain.But moreimportantly, it wasmy experienceworkingonthisprojectthat

sparkedthe far moreambitiousprojectof creatingconstructiontools for interactive

spacessuchas StoryRooms. Despitetheir apparentdifferences(one being a robot

and the other an environment),conceptuallyboth systemsare quite similar. First,

thestoryconstructionprocessrequiresmany physicalcomponentsandanelementof
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“programming”or “scripting.” Second,the child userowns the entireprocess.An

adultdoesnot have to interjecthigh-techmumbojumboon behalfof thechildrenfor

thesystemto work. Finally, bothsystemsgavechildrenaway to explorenew kindsof

storytellingexperience.

ThischapteronPETSis anentryinto physicalstorytellingsystems.It offersaglimpse

into the motivationsbehindcreatinga kit for childrenthat is constructive, physical,

andthatcangeneratestories.

4.1 PETS Tells a Story

“ThereoncewasarobotnamedMichelle. Shewasnew in the

neighborhood.ShewasHAPPY whenshe�rst came,thinking she

wouldmakefriends.But it wastheopposite.Otherrobots

threw rocksandsticks.ShewasSAD. Now nooneliked her.

Onedayshewaswalkingdown a street,ahugebusyone,when

anotherrobotnamedRobcameupandask[sic] if shewantedto

have a friend. ShewasSCAREDat �rst but thenrealizedthat

shewasHAPPY. TheotherrobotswereANGRY but knew thatthey

hadlearnedtheir lesson.MichelleandRoblivedHAPPILY ever

after. No onenoticedthedentsfrom rocksthatstayedon

Michelle.” [22]

This wasjust oneof many storiesthatchildrenwrotewith thehelpof PETS[28], my

�rst physicalandinteractivestorytellingconstructionkit.
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Becausestorytelling is inherentlyconstructive, the resultingproductsfrom the IDT

have beenkits that enablechildren to createtheir own stories. My goals too had

evolved from the PETSstorytellingrobot [28] to a kit that enabledchildrento build

physicaland interactive story environments[66, 2]. By giving childrenthe tools to

build their own interactive physicalenvironments,they could begin to experiencea

level of creativeautonomythatwaspreviously limited to adults.

4.2 A Description of PETS

PETS,�rst developedin 1998,wasa roboticstorytelling environmentfor elementary

schoolagechildren[28]. ThePETSconstructionkit containeda box of fuzzy stuffed

animalpartsandanauthoringapplicationonapersonalcomputer. Childrencouldbuild

a robotic animal,or pet, by connectinganimalpartssuchastorso,head,paws, ears,

andwings. Next, they wroteandtold storiesusingtheMyPETSsoftware.Justasthe

robotic animalwasmadefrom discretecomponents,MyPETSwasalsoconstructive.

Thisapplicationenabledchildrento createemotions,to nametheirroboticcompanion,

andto compilea library of storiesandstorystarters(�gure 4.1).

Eachemotionthattherobotperformswasrepresentedby asequenceof physicalmove-

mentsthatconveyeda speci�c feelingto theaudience.Thechild designershelpedthe

teamto de�ne six basicemotionsandthe movementsthat accompany them: happy,

sad,lonely, loving, scared,andangry. They werechosenbecauseof their signi�cance

to childrenin theireverydaylivesandbecausetheseactionsrepresentedemotionsthat

weresuf�ciently different from eachother that the audiencewould not confuseone

from another. For example,to expressloneliness,the robot droopedits armsdown

andlookedleft andright, asif it werelooking for a friend. To show happiness,PETS
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Figure4.1: PETS.On the left is a computerdisplayingtheMyPETSsoftware.In the
middle is thePETSrobotdecoratedwith paws, a pig's snout,horns,and�appy ears.
To theright is a �ying saucerfor PETSto ride on. On top of the �ying saucerarean
optionalpair of wings.
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wavedits armsreally fast,turnedits headleft andright, andspunthespaceshipit rode

on. And, whentherobotwas“sad,” it droopsits headandarms,andmovedforwardat

a slow, deliberatepace.

PETSencouragedcreativity throughinteractiveanditerativeplay. Childrenwerecon-

stantlywriting andrewriting their stories(�gure 4.2), and in the process,developed

theirown writing styles.They alsoenjoyedbuilding differentkindsof animals.When-

everthey wanted,thesechildrencouldcommandMyPETS(�gure 4.7)to tell theirstory

andwatchedtheiranimalactoutemotions.As therobotencounteredeach“emotional”

word in thestory, it performedthatemotionby moving its bodyin thesequencespec-

i�ed by its creators.

A critical featureof PETSwasthatthechild userwasalwaysin control.Unlike prod-

uctssuchastheActimatesBarney, wheretherobotdirectedthe�o w of action,andthe

child followedits instructions,childrencandecidetheir own activity patterns.

Threeversionsof PETSweredesigned.They werenamedin theorderof theircreation,

PETS� , PETS� , andPETS� . Eachsuccessive versionwasa morere�ned “sketch” of

theIDT' s collectivevisionof theroboticstorytellingenvironment.

PETS� wasa prototypethat I createdin early1998to understandthetechnicalissues

relatedto interactiverobots.It wasin fact theresultof my own technologyimmersion

process.Theknowledgegainedfrom building this robotbecamea roughtechnology

roadmapfor futurePETS.
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Figure4.2: Childrentypedtheir storiesandinsert“emotions”with TheStoryScreen.
A child providedthesentencesin theabove story.
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4.3 PETS�

PETS� (�gure 4.3),built duringthesummerof 1998,wasthe�rst “full-featured” and

demonstrablerobot from theIDT. This machinehadprimitivereactive behaviors. For

instance,its headfollowed or turnedaway from a beamof light, dependingon its

“mood.” Also, it would move its paws towardyou if it was“happy,” or pull away if

it was“scared.” Most of its skeletalstructurewasconstructedof LEGO blocks,and

thelimbsweresimpleplasticboxes.Variousfabricmaterialscoveredtherobotto hide

the mechanicalcomponents.For instance,the headwascoveredwith a fabric with

cow hide prints; somelimbs were coveredin feather;anda furry skirt wasdraped

over theentirerobot to createa roundedandsoft shape.A HandyBoard[60] micro-

controllerin thetorsocontrolledembeddedmotorsandservos. In additionto on-board

programsfor the robot's primitive behaviors, the controlleralsoreceived commands

from MyPETSthrougha connectingwire. Sensors(e. g., light andtouch)throughout

thebodyinformedtherobotaboutits environment.

Conceptually, PETS� containedthreemajorcomponents:1) theskeleton,2) theskin,

and3) thesoftware.

4.3.1 The Robot Skeleton

The PETS� skeletonwas primarily madefrom LEGO blocks since it was an easy

prototypingtool for bothadultsandchildren. It hada modulardesign.For example,

theeyes(light sensors)weredetachableandcouldbeplacedin differentplacesof the

robot's body. The limbs, madefrom plasticboxesandembeddedwith servo motors,

attachedto thetorsoby LEGOpegs.Thewheelbasewasseparablefrom therestof the

robot(�gure 4.4).
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Figure4.3: PETS� , with a furry body, dogpaw, duckfoot, andcow face.

Themostdif�cult problemof theskeletoninvolvedthejoints. For example,theneck,

a 2-degrees-of-freedomjoint, hadto supporta largehead,andwastheweakestpoint

of an invertedpendulum.Also, the limbs fell off easily, sincethey wereconnectedto

thebodywith only severalshortpegs. Wiring wasanotherissue.Althoughindividual

bodypartsweredetachablefrom theskeleton,they still hadto betetheredby telephone

wires to the body. Eyesand limbs that were truly physically independentmodules

wouldhave beenmuchnicer.

4.3.2 The Robot Skin

Typically, thedesignof a robot stopsat the “skeleton” phase.But sinceonegoal of

this project was to createa “�uf fy” and “huggable” pet, I was concernedwith the

appearanceof therobotaswell. TheIDT createdshapesby paddingtheskeletonwith
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Figure4.4: ThePETS� skeleton.
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Figure4.5: ThePETS� skeletalheadwith padding.

socksandfabric sheets(�gure 4.5). In addition,a skirt wasdrapedaroundthebody

andcoveredtheskeleton(�gure 4.3).

4.3.3 The Software

PETS� wasdesignedto operatein two modes:1) autonomous,and2) remotecontrol

by My PETS. In theautonomousmode,PETS� wasareactiverobotwith thefollowing

abilities.

See Thelight sensoreyes.

Listen Themicrophoneears(hardwarewasnot implementedat thetime).
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Speak Theloudspeaker.

Run Thewheelbase.

Arms Theappendages

Feel The touchsensorson the Arms. Oneis in front of the arm, the otheris in the

backside.

Remotecontrol My PETS.

Eachability is a separateprocess.Sensorprocessesupdatedataontoa global black-

board,while actuatorprocessesreferto theblackboardandaffectdevicesaccordingly.

Theseabilities supportedpersonalities. PETS� supportedSHY andCURIOUS.The

following example illustratesthe relationshipbetweenpersonalityand abilities. If

the robotwereset(by software)to beSHY, thenwhentheLeft Feelis triggered,the

Left Arm wouldpull backin theoppositedirectionof thetouching.If insteadtherobot

weresetto CURIOUS,thentheArm would move into thedirectionof the touching.

Anotherwords,supposeI amshyanda persontouchesmy arm,I would pull my arm

away from theperson.But if I werea curiousperson,thenI would pushmy arminto

theperson's hand.

WhenPETS� wasin theRemoteControl mode,it wasnot reactive andwasa slave to

thecommandsissuedby My PETS. In thismode,My PETSsentstreamsof commands

to therobotthatactivatedvariousmovements.
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Figure4.6: The MyPETSsoftware,the transmitterbox, andtheskeletalcomponents
of PETS� .

4.4 PETS�

After theIDT completedPETS� , threemajorgoalsfor thenext versionwereset: im-

provedaesthetics,durability, andwirelesscommunication.Thenext prototype,PETS� ,

built betweenSeptember1998andApril 1999,includedmany re�nementsoverits pre-

decessors.For example,PETS� hada foamouter-shellcoveredwith felt (�gure 4.6).

It hada moregracefulshapeandvibrantcolors.Thefoamshellnot only providedthe

shapeof therobot;it wasalsoabuffer againstabusiveplay from children.In addition,

it hada muchsturdierskeletalstructurebuilt from metal,plastic,andpolycarbonate

materials.Therobotalsocommunicatedwith theMy PETSsoftwarevia wirelessradio

frequency channels.
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Figure4.7: Main screensof theMyPETSapplication.The left imageis from PETS� ,
andtheright imageis from PETS� .

4.4.1 Limitations

PETS� hadseveral signi�cant differencesfrom PETS� . First, unlike PETS� 's LEGO

blocks,the PETS� skeletonwasmadefrom muchsturdierpolycarbonatesheetsand

steelposts. Its “skin” wasa singlefelt-coveredfoamy shell, anddid not suffer from

problemssuchasthebodyskirt comingoff PETS� . But, this new designstill did not

adequatelyaddresstheweakneckandthemethodfor attachinglimbs onto thebody.

ThePETS� projectdid notsuffer too muchfrom this,asthechildrenwerefocusedon

thestorytellingandobservingthe robot's performances.Thesemechanicalproblems

couldbesolvedby collaboratingwith mechanicalengineers.

Unlike the PETS� softwarearchitecture,which had a reactive layer (eg. [14]), an

autonomousbehavior wasnotbuilt into thePETS� software,becauseI focusedon the

storytellingand the sequencingof actionsin My PETS. But this lack of a primitive

behavior meantthatPETS� couldnotprotectitself from obstacles,suchasa wall.
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4.5 Robots,Childr en,and Learning About

the DesignProcess

Childrenaredrawn to physicalplay things. They love robots! I saw this repeatedly

during theyearI workedon PETS.WhenI demonstratedPETSto youngvisitors to

HCIL, inevitably, they weredrawn to the robotsin the lab, even thoughit was�lled

with lots of othertoysfor children. I believedthis wasbecauserobotsareinherently

intriguing andhighly interactive objects. Indeed,studieshave shown that in settings

wherethereare both things to observe and things to play with, young childrenare

usuallyattractedto activities wherethey canbecomeinteractive participants.For ex-

ample,in zoos,they preferto interactwith pigeonsandsquirrelsthanthemoreexotic

animalsbehindbars[43].

Accordingly, a robotasa designgoalwasusefulfor two reasons.The�rst reasonwas

thatit wasmucheasierto getthechildrento beexcitedaboutinventingsomethingthey

like, ratherthanto createthenext generationtoasteroven,for example.Theotherwas

that theprocessof building robotsis inherentlycollaborative andphysical.Sincethe

IDT wasinterestedin boththeprocessandtheproduct,having a projectthatrequired

collaborationandlots of constructionwashelpful in studyingandtestingcooperative

inquiry (3) in action.

But, building theseinteractive, robust, andchild-friendly robotswasextremelydif-

�cult. I believed that therewere two main reasons:First, a project suchas PETS

requiredaninterdisciplinaryeffort, thus,a teamwith diversetalents.Puttingtogether

sucha groupwasnot easy. Second,interactionsbetweena robotandits environment

wereoften unpredictable.This uncertaintypresentedmany technologicalandengi-

neeringchallenges.
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4.6 LessonsLearned fr om PETS

PETSprovidedmany insightsinto physicalinteractive storytelling. In particular, the

af�nity that childrenhave towardreal objectsandtheir strongdesireto write stories

andsharethemwith others.It alsoshowedchildren'sdesirefor “fuzzy” and“cuddly”

roboticobjects.But thisprojectalsorevealedsomeshortcomingsof storytellingusing

robots.They canbe �ne actors,but it canbeawkward to usethemto expressphysi-

cal storytellingexperiencessuchasthewind blowsthroughtheplains, which canbe

simply implementedusingacontactsensor, a fan,anda projectedimageof a desolate

plain. Theselimits ledmeto my next project:StoryRooms.
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Chapter 5

Storieswithin a Physical Interacti veEnvir onment

The transitionfrom storytellingrobotsto storytellingenvironmentswasnatural. Al-

thougha physicalrobotcanbeanactor, somestoryelementsareeitherinconceivable

or awkwardto expressthrougha robot.Childrencaneasilyusetherobotto “express”

sadnessor happiness,but might have dif�culty makingit project: it wasa dark and

stormynight.

In thesummerof 1999,I beganwork on a technologythatwould leadmeto my dis-

sertationresearch:technologyfor childrento constructtheirown storytellingphysical

interactive environments.LessonsI learnedfrom PETS,suchassequencingphysical

eventsto expressabstractideas,andsensor-effector interactions,formedthe founda-

tion of this new endeavor. I believed,alongwith my team,thatwith the right setof

tools, childrencould constructtheir own StoryRooms.And, throughinteractionsin

thisenvironment,childrencanenjoya new storytellingexperience[2].

DesigningStoryRoomswith childrenprovedto beextremelydif�cult. Althoughchil-

drenarenaturalstorytellers,andalthoughthey have encounteredmany formsof sto-

rytelling, that a physicalspacecanbe expressive wasinitially too abstractfor some
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of the child designers1. To understandthe relationshipsamongstorytelling, interac-

tive technology, andphysicalenvironments,threeStoryRoomprototypeswere built

with increasedinteractive levels: TheRedBalloon, Hickory Dickory Dock, andThe

Sneetches. TheRedBalloonandHickory Dickory Dock weremock-upenvironments,

in which thechildrenpretendedto be the proximity sensorsandthe soundandlight

effectorsthatwereneededto emulatetheinteractivity in thephysicalstory. Thethird

prototype,TheSneetcheswasthe�rst environmentthatcontainedrealcomputational

abilities; a softwareapplicationmonitoredcontactsensorinputsandselectively acti-

vatedsounds,lights, andimageswithin the room. Fromtheselow-techprototypesI

learnedaboutthestructuresof physicalstoriesandtheir technologicalrequirements.

5.1 The RedBalloon

TheRedBalloon is a classicmovie abouta boy who �nds a friendly redballoonthat

follows him wherever he goes. Somemean-spiritedkids want to take it away from

him. Whenthe red balloonkeeps�oating away from the badkids, they pelt it with

rocks,until it burstsandfalls ontotheground[54]. As themovie endshundredsupon

thousandsof balloonsbegin to risefrom all over thevillage.

In theHCIL, A redlampbecomestheredballoon.Onechild controlsit by �ickering

it on andoff andsaying,“I'm the red balloon.” Whenever the “good boy” walksby

her, sheturnsthelight onanduttersthesentence.If the“badkids” behavemenacingly

towardher, sheturnsoff thelight andcrumblestowardstheground.

In this exercise,a child takesthe role of the computerthat controlsthe interactions

betweenphysicalobjectsandpeople. Theseinteractionsaddeda new kind of expe-

1Truthbetold, theStoryRoomconceptwasdif�cult for someadultstoo.
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rienceto theoriginal mediumof theRedBalloon. TheIDT beganto understandthat

physicalitycanafford arich experience.Also, by beingdirectly responsiblefor thein-

teractions,thechild designerslearnedabouttheroleof technologyin thesestorytelling

environments.

5.2 Hickory Dickory Dock

Hickorydickorydock.

Themouseran up theclock.

Theclock struck one.

Themousefell down.

Hickorydickorydock.

The secondlow-techStoryRoomwasan adaptationof the classicchildren's rhyme,

Hickory Dickory Dock. Onceagain,somechildrenwereaskedto be the technology,

while otherswerevisitorsto thestory.

5.2.1 Setup

Paperlabelsrepresentingspecialeffects,suchasTouch, Sound, andLight, andobjects,

suchasTelephone(�gure 5.1),Computer, andChair wereplacednext to actualobjects

in our lab. Threepaperplatesweredecoratedasprops.Oneachplatewasoneof thethe

wordsHickory, Dickory, andDock. Digitizedsoundeffectswerestoredonacomputer.

Onechild wasresponsiblefor soundeffects.Anotherwasgivena �ash light andwas

responsiblefor light effects.Finally, threechildrenwereaskedto bedifferentkindsof
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Figure5.1: The phoneobject in Hickory Dickory Dock. The paperlight andsound
“buttons”representfeaturesof the“phone”object.
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Figure5.2: A child asa low-techwizard-of-ozin theHickory Dickory Dock rhyme.

narrators.Eachsuccessive speakerofferedanincreasinglevel of interactivity with the

storyroomvisitor.

5.2.2 Dir ectRecitation

A visitor enteredthe room andselecteda narratorby placinga crown on top of that

person.ShethenpushedapaperlabelledStartonthespeaker'schestto begin thestory.

Whenthe narrator(�gure 5.2) utteredthewords,“hickory, dickory, dock,” the light-

effectspersonwould shinea beamof light on thepaperplatewith thecorresponding

word. Then,whenthe narratorsaid, “the mouseran up the clock,” the light-effects

personaimedthelight at therealclock on thewall.

5.2.3 Recitation with Choices

In this variation, the visitor chosethe object that the mousewould climb. So, the

narratorsaid, “Hickory, dickory, dock. The mouseran up the.. . ,” and pausedfor
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the child to pushthe Touch label next to its physicalcounterpart.If shepushedthe

Telephone, the narratorwould say, “telephone,” andthe sound-effectspersonwould

activatetheringing phonesound.Finally, thenarratorcompletedthe last two linesof

thestory.

5.2.4 Full Interacti vity

Thevisitor exploredthevarioussensors(thepaperlabels)andheardthespeakerutter

thecorrespondingwords.Whenshewasreadyto experiencetherhyme,sheaskedthe

narratorto reciteherversion.

Dickoryhickorydock dock dock.

Themouseranup thechair.

Theclock struck one.

Themousefell down.

Dickoryhickorydock dock dock.

5.2.5 LessonsLearnedfr om Low-TechScenarios

I learnedthat the samestory canoffer very differentexperiences,basedon the level

of interactivity affordedby the physicalenvironment. Also, given the samesetting,

childrenhada choiceof storytellingexperiencethey want,from simply listeningto a

story, to creatinga new story by rearrangingthe elements.Furthermore,I observed

thatsimpleeffects,suchaslight andsound,canelicit highly entertainingatmosphere.

This wasa critical �nding. I knew thenthatI wasoffering childrentheability to add

“magical” effectsonto their stories. For them,becauseof the sensorsandactuators,

their storiesreally couldcomealive in theStoryRoom
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5.3 The Sneetches

After thepreviouslow-techstories,a fully interactive,semi-autonomousStoryRoom,

basedon theclassicalDr. Seussstory “The Sneetches,” wascreated[36]. This story

waschosen2 by thechild membersof theIDT.

5.3.1 The Story

The Sneetcheslive on a beach. Somehave starson their bellies, while othersdo

not. The star-bellied Sneetchesthink they arebetterthanthe plain-belliedones. So

thosewith starsalonecould have fun, and they alwayslooked down on the plain-

bellied Sneetches.One day, Mr. SylvesterMcMonkey McBeanshows up with his

strangecontraptions,andheadvertisesthathismachinewill putonastaronany plain

bellies for just threedollarsa piece. Of coursethe plain-belliedSneetchesjump on

this opportunity. But the original “better” Sneetchesbecomeupsetbecausethereis

now no way to tell them apart! Coincidentally, Mr. McBeanhasanothermachine

that will take starsoff for ten dollars. The original star-bellied Sneetchesall have

theirs starstakenoff. This causesa cycling of Sneetchesgoing into one machine

anddirectly into another, onegroupwantingto bedifferent,theotherwantingto be

the same.Whenthe Sneetchesspentall their money, thereremainsthe original two

groups.Mr. McBeanleavestheisland,laughingabouthow theSneetcheswouldnever

learn. But miraculously, theSneetchesdo learna greatlesson,that it doesnot matter

how they look on theoutside,all Sneetchescanhave fun together.

2Eachchild wasaskedto write down a list (at leastten)of his or her all time favorite books. The

listsweredominatedby Dr. Seusstitles.
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Figure5.3: Our child designerstry out the SneetchesStoryRoom. The box on the
left is the Star-Off tunnel. The box in the middle is the Toy. And the boxeson the
children'sstomachsarethe Stars on theSneetchesbellies.

5.3.2 The Interacti veVersion

In thisprototypeStoryRoom[66], childrenbecametheSneetchesby wearingaspecial

box (a Handyboard[60] and light bulb embeddedwithin a cardboardbox) on their

bellies. InsidetheSneetchesStoryRoomweretheStar-On box, Star-Off box,Narra-

tor, Mr. McMonkey McBean, andMoney props(�gure 5.3). TheStar-On andStar-Off

propswerecardboardboxeswith coloredpapergluedover it. Attachedto eachbox

werea light bulb anda contactsensor. The Narrator andMr. McMonkey McBean,

applicationsrunningonseparateMacintoshcomputers,uttereddigitally recordedpas-

sagesfrom thebook. ThecomputerrunningMoney wasconnectedto anLCD projec-

tor, andprojectedan imageof a pile of money, with the Sneetcheson oneside,and

Mr. McBeanon theotherside(�gure 5.4). Finally, thespecialboxeson thechildren's

bellieswerethe Stars thatcouldbevisibleor not.

BecauseStoryRoomsareinteractive,oneof theadaptationswastheadditionof a Toy

prop. TheToy helpedconvincethekids with starson their belliesto believe that they

weredifferentfrom thosewithout, andthat they couldchangetheir belliesby going

throughMr. McBean'smachines.In effect,interactionswith theToymadethechildren

feel asif they werephysicallyon the islandandthat they weretheSneetches(�gure
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Figure5.4: Theprojectedimageof Mr. McBean,theSneetches,anda pile of money.
Whenever a child crawls througha staron/off box, somemoney visually getsmoved
from theSneetches'sideover to Mr. McBean's side.
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Figure5.5: A child with a Staronhisbelly “plays” with thetoy.

5.5).

Whenchildreninitially enteredtheSneetchesStoryRoom,someof themstartedwith

a Star on their bellies(i. e. the lightbulb on their bellieslit up), while othersdo not.

Next, the Narrator programintroducesthe story. Thesechildrenexploredthe room

anddiscover the Toy. They alsonoticedthat the Toy lit up only for thosewho have

starson their bellies,but not for thosewhodo not.

Soon,Mr. McMonkey McBeanintroducedhimself (via thewizard),andtold thechil-

drenabouttheStar-Onmachine.Whena child, who hadnostaron herbelly, crawled

throughthis machine,her belly lit up with a star; sheheardMr. McBeanthankher

for the threedollarsshe“paid” him; shealsoheardthe“ka-chink” of a cashregister;

shesensedthe Star-On box lit up asshecrawled it; and �nally , shesaw that some

of the Sneetches'money hadgonefrom their pile over to Mr. McBean's pile (�gure
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5.4). And, whenshewent to the toy, it lit up for her (wizard)! This storycontinued,

aschildrenroamthroughthe variousprops,until all the money hadbeenspent,and

concludedwith somespeechesfrom bothMr. McMonkey McBeanandtheNarrator.

5.3.3 The Technology

TheSneetchesStoryRoomwasmadefrom low-techandhigh-techcomponents.The

Star-On andStar-Off tunnelsweremadefrom cardboardboxes,anddecoratedwith

coloredpapersandink drawings. Tapedto eachtunnelwerea contactsensor, embed-

dedinsideathumb-shapedfoam,andalight effector, embeddedwithin asemispherical

foam.Thesedeviceswereconnectedby telephonewire to anEnvironmentInterface(a

Handyboardmicrocontroller).The Interfacedeliveredtheworld datato theMonitor,

via a serialport, andtriggeredaninput event. Themonitorconsulteda list of sensor-

effector trigger rules, and, if necessary, sentoutput signalsto the Interface,which

actuatedtheappropriateeffector(�gure 5.6).

The SoundEffects, Narrator, Mr. McMonkey McBean, andMoney wereapplications

runningon differentMacintoshcomputerson a network. They communicatedwith a

Monitor program,usinga simple�le basedmessagingprotocol. Whena StoryRoom

savvy applicationstarted,it registeredits identity andlist of servicesto theMonitor.

The(adult)programmerof thestoryroomthenusedthis informationto createtrigger

rulesusingtheMonitor application.For example:if contactsensorA wason, trigger

1. SoundEffect to play theclashing-coinsound;

2. Mr. McMonkey McBeanto playthedigitizedsoundsegment“threedollars,thank

you”;
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Figure5.6: A diagrammaticoverview of thetechnologyunderlyingtheSneetchesSto-
ryRoom. The varioussoundgeneratingapplicationsresideon different Macintosh
computersin our lab andcommunicatevia a �le-basedmessagingprotocolwith the
Monitor. The Money is attachedto a presentationprojector. The monitor is an ap-
plication that receivesinputsfrom sensorsandissuescommandsto actuatorsandthe
registeredapplications.The Stars areturnedon/off by a wizard-of-oz,usingan in-
fraredcontrol.
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3. Money to updatethe projectedimageby moving an imageof a coin from the

Sneetchessideover to Mr. McBean's side;

4. EnvironmentInterfaceto blink thelight effectorA.

The Star bellies were controlledvia infrared signal by a person(Wizard-of-Oz),

whosignaledthestarsto appearor disappearaschildrenexit theStar-OnandStar-Off

tunnels.

5.3.4 LessonsLearnedfr om the SneetchesStoryRoom

TheSneetchesStoryRoomhelpedidentify threenecessaryelementsof theconceptual

storytellingconstructionkit: props,low-techmaterial,andphysicalsymbols(or icons).

A story in an interactive environmentneedsphysicalpropsto representkey elements

of thestory. Thesepropsarenecessaryto concretizethestory. Childrenexperiencethe

enrichedstoryfrom thesephysicalinteractions.Forexample,aschildrencrawl through

theStar-On box andwatchthestarson their belliesglow, they begin to imaginethat

they weretransformedinto theSneetches(�gure 5.7).

Oneideathat surprisedthe IDT wasthat childrenderivedat leastasmuchfun from

building the propsas they experiencedthe storyroom(�gure 5.8). In part, this may

have beenbecausethey were alreadyexpert builders of low tech material,suchas

cardboardboxes,glue,andcrayons.Theseactivitieswerenecessarystepstowardtheir

creativeproduct,theStoryRoom.

Becauseembeddinghigh techdeviceswithin objectscanbe dif�cult for youngchil-

dren,andbecausenotall objectscanbemodi�ed to hold thedevices,whatwasneeded

wasanalternative to augment(�gure 5.9) any physicalobjectswith computingabili-

ties. I learnedthat for childrenbetweensevenandelevenyearsold, placingattractive
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Figure5.7: A wall sketchresultof aSneetchesRoomdesignsession.

Figure5.8: Two child designersworkingon theStar-Onbox.
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Figure5.9: Someearly sketchesof sensors,with shapessuchas thumb,�nger, and
hand.

physicaliconson a physicalobjectwasconceptuallythesameasaugmentingit with

computationalabilities. So, whena child toucheda hand(or thumb)physicalicon

attachedto a prop,shecouldmake-believe thatshewastouchingtheprop. And, dur-

ing construction,whena child connectedan icon to a prop, shewascastinga spell,

magicallyimbuingthepropwith thecomputationalfeaturerepresentedby theicon.

5.4 StoryKit

TheseStoryRoomexperienceshelpedto identify some,but not all, of the necessary

componentsof the conceptualconstructionkit (StoryKit ) [2]. After the Sneetches

StoryRoom,I beganthenext phaseof my research,thatof designinganauthoringsys-

temfor physicalenvironments.Frommany designsessions,I discoveredthatchildren

haddif�culty creatingstoriesfrom nothing. But whenpresentedwith a few simple

ideas,they were able to quickly weave intricatestoriesaroundthem. Furthermore,

story quality seemedto correlatedirectly with the level of intrigueof theseedideas.

Hereweresomeexampleideas:half a pencil;a torn pieceof paper;a keyboardmiss-
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Figure5.10:IdeaCardshelppropelchildreninto developingstructuredstories.

ing thekeys T, O, andM; anda bowl of blue tomatoes.All theseideasareunusual.

Eachwasa mysteryunto itself. Whathappenedto theotherhalf of thepencil? Why

wasthepapertorn in half?Whotookout themissingkeys?And how did thetomatoes

turn blue?

Interestingly, it seemedthat someideasneededto be “plain,” suchasa simplebox,

a tennisball. Thesesimpleideasserved to supportthe mysteriousqualitieswithout

addingto thecomplexity of thestory. Theseseedsof ideawerecalled,Idea Cards.

They werethenext componentof StoryKit.

TheStoryKit wasmissingjustonemoreelement,aprogrammingsystemto de�ne the

interactionsamongthecomputationaldevices.

Now, thecompletedStoryKit wouldhave thefollowing elements:

1. MysteriousandsimpleIdeaCardsto helpchildrencreatestories(�gure 5.10),

2. Materialsthatchildrencanuseto constructpropsfrom theseideas(�gure 5.11),

93



Figure5.11:Low techmaterialsareeasyfor childrento constructplay things.

Figure5.12:High-techdevicesembeddedwithin physicaliconsprojectmagicalqual-
ities to achild.

3. Physicaliconsthatrepresentcomputationalabilitiesto augmenttheprops(�gure

5.12),

4. Programmingsystemto de�ne theinteractionsamongthedevices(�gure 5.13).

Hereis how childrenmight createa StoryRoom.They openthe StoryKit andselect

someIdeaCards;weaveastoryaroundtheideas;createphysicalprops,usinglow-tech

materialin thekit, to concretizetheconcepts;decidetheinteractionsthatshouldoccur;

augmentthepropswith interactivecomputationalabilitiesby connectingthephysical
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Figure5.13: An exampleof a child-unfriendlycontrolpanelto de�ne the interaction
rulesfor StoryRoom.

iconsontothem,andprogramtheinteractionrules.

5.4.1 An Early Designfor De�ning Device Interactions

My earliestdesignof a systemto de�ne interactionswaswritten usingRealBasic.It

hada simpletext-basedcontrolpanelinterface,calledtheMonitor. Thecontrolpanel

Figure5.14:An ideacardandprop.
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included:

1. List of props.

2. List of actuators.

3. List of sensors.

4. List of objects.

5. List of relationships.

The actuatorsandsensorswerehard-coded.The objectslist wasautomaticallygen-

erated,in real-time,andcontainedall the registeredStoryRoomsavvy objectsin the

environment.A StoryRoomsavvy objectregisteredwith theMonitor its identity (e.g.

, Imageries,Narrator)andits services.For example,a Narratorobjectmight contain

the soundclips Detective Brown narrationone,Detective Brown narrationtwo, etc.

Anotherexampleis theMoney objectin theSneetchesStoryRoom(5.3.2),which re-

spondedto two commands:spendandreset.ThespendcommandtriggeredtheMoney

objectto updatetheamountof money transferredto Mr. McBean'ssideandredraw the

projectedimage.Theresetcommandtells Money to returnall themoney backto the

Sneetchesupdatetheimage.

Thewayto createrelationshipsbetweensensorsandactuatorswasby adrag-and-drop

interaction.

1. Createa new relationshipby draggingapropontotheRelationshipstable.

2. Draga sensorfrom thesensorlist over to thenew relationship.

3. Typeinto theTriggerValuecell a valuefor thesensorto activateanevent.
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4. Select,from eithertheactuatorslist or theobjectslist, adesiredactivity anddrag

into thenew relationship.

5.5 It Is Not Always About SophisticatedTechnology

From creatingPETSandthe variousStoryRooms,theseexperiencessuggestedthat

perceptionwasmoreimportantthantechnologyto createa convincing storyenviron-

ment. It wasnot necessarilythelevel of sophisticationin technologythatfosteredthe

creative andimaginative thinking in our children. Instead,a technologycouldcreate

attractiveandentertainingstorytellingenvironmentswhenit hasthefollowing:

1. Toolsfor childrento becreative.

2. Theability for childrento affectandcontroltheirspace.

3. Simpleinteractions.

4. Waysto helpchildrenbegin stories.

5. Hints to helpchildrenunderstandthestory.

6. Technologythatis physicallyattractive to children.

In PETS,the robot's physicalappearancedrew children nearit; they controlledits

emotions;andthespokenwordshelpedguidethemthroughthestory. In theSneetches

room,childrenactively changedtheirown appearanceandtheirsurroundingsby using

theprops;theNarratorandMr. McBeanofferedbothhintsandexplainedto themhow

they wereinvolvedin thestory; thecontactsensorsweresimpleto detectandeasyto

change;andsincechildrenbuilt theprops,they wereattractive to otherchildren.
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5.6 A Programming Systemfor Physical Interacti ve

Envir onments

Throughoutmy research,I usedcrudeuserinterfacesto createthedevice interaction

rules for the physicalenvironment. It was the weakestcomponentof the StoryKit.

Not only wastheapplicationtextual, it alsorequiredheavy manualediting. Clearly

theprogramminginterfaceswereinappropriatefor youngchildren. In fact,whenever

the children�nished a StoryRoomprototype,they neededmy help to manuallycre-

atethe interactionrulesfor theenvironment. Sincemy goalwasto provide a kit for

childrento be completelyautonomousin their creative activities, I beganwork on a

new programmingapproachfor childrento controlStoryRoominteractions.TheIDT' s

brainstormingactivities led to threeconceptualuserinterfaces:1) arrow notes(�gure

5.15),2) comicstrip (�gure 5.16),and3) time line. Becausearrow noteswassimilar

to time line, I will describejust theArrow-NoteandtheComic-Stripinterfaces.

5.6.1 Arr ow-Notes

The arrow notesuserinterfaceusedcoloredboxes. The boxesrepresentedobjects,

events,andbranchingtests. Overlappingboxescreatedrelationships.For example,

in �gure 5.15,the overlapping“door,” “if ”, and“button pushed”boxesmean“if the

button that is on the door is pushed.” The arrows were usedto indicateconcurrent

events.
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Figure5.15:An exampleArrow-Notestyledprogram.Thesenotesrepresentaportion
of theprogram,andit is interpretedas:If thebuttononthedooris pushed,thena) turn
thelight on,andb) makethespeakersay“Who's there?”

99



Figure5.16: An exampleComic-Stripstyledprogram.This strip representsa typical
programming“statement.” Thebeforeframeshowsa�oor basedcontactsensor, a light
actuator, andaspeaker, all in theoff position.In addition,theleg indicatesa triggering
condition. Theafter frameshows whathappensto theroomwhenthetriggeroccurs.
Thelight comeson andthespeakermakessounds.

5.6.2 Comic-Strips

The Comic-Stripfollowed a programming-with-demonstrationapproach.Similar to

KidSim [21], it usedbefore andafter framesto indicateactivation rules. In �gure

5.16,the framepair means,“When I stepon the sensorthat is on the �oor , thenthe

light shouldcomeon andthe loudspeakershouldmakea sound.” Notice that it was

possibleto createcomplicatedrulesinvolving multiple sensorsandmultiple effectors.

5.6.3 Take Away the Screen

Thesedesignsrepresenttwo visual programmingcategories. The arrow-note is a

�o wchart,andthecomic-stripis avisualproductionsystem.Thefactthatthey werethe

designresultsof anintergenerationaldesignteamsuggestedthatbothadultsandchil-
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Figure5.17:A conceptualStorybox.To theleft wasaStoryWormmadefrom individ-
ual worm segments.The headof a worm would “remember”a story. Eachsegment
“remembered”a line (or interactionrule) in thestory. The �o wer wasa microphone
for childrento recordsounds.The monitor in the centerwould displaythe different
linesof a story. Eachline correspondedto awormsegmentnext to it.
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Figure5.18: Someconceptualiconic sentences.Thetop line means“pressthe�o wer
andthelight stayson for 15seconds.” Thethird line means“whenthecameraandthe
cupareneareachother, thelight comesonandtheearwill listen.”

drenwereableto understandthesetwo visual languages.Giventhesetwo promising

conceptsfor agraphics-basedprogramming-with-examplesystem,theIDT developed

somescenariowalkthroughsto gaininsightsinto theprogrammingactivities within a

physicalenvironment.Somequestionsstill remained:Shouldchildrenusethegraphi-

calsystemsastheprimaryinputmodelfor programming,andthendebugby interacting

with thephysicalicons?Or, shouldchildreninteractdirectly with thephysicalicons

to demonstrateprogrammingintentions,andthenusethegraphicssystemfor review

andediting?

An interestingthingoccurredduringthesebrainstormingsessions.Eitherthechildren
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weren't using the screenat all, becausethey preferredthe tangibleelementsof the

programmingsystem.Or, they keptdividing their attentionbetweenthephysicalin-

teractionsandviewing thecomputerscreento seewhetherwhat they weredoingwas

beingcorrectlymonitored.In the �rst case,thescreenbecamesuper�uous.While in

the second,theact of alwaysgoing backto thevisual displaymadefor an awkward

programmingprocess.I reliedheavily onpictorial representationof programmingbe-

causeit wasconceptuallyeasierto understand.The surprisingobservation wasthat

childrenapparentlyneededto makementalconnectionbetweenthe symbolson the

screenwith their physicalcounterpartsin their environment,andnot all the children

we workedwith hadthisability yet.

So,could it be that for children,a programmingsystemthat relieson directphysical

manipulationof concreteobjectscan be more natural? Educatorshave for a long

time postulatedthat concretelearningis innatein youngchildren,andeffective even

as they progressinto abstractreasoners(e.g., [85]). At this point, I suggestedthat

youngchildrencanandshouldusedirectphysicalactionsto authorStoryRooms,from

constructingpropsto programminginteractionrules.

It wastimeto takeaway theartifactsof conventionaldesktopcomputinginterfaces.In

the next chapter, I will describea completelyphysicalprogrammingapproachthat I

developed.After that, I will describethetwo studiesthathelpedconvinceme that1)

a concreteandphysicalprogrammingmetaphorcanbeeasyto understand,2) kinder-

gartenstudentscanbecomeprogrammersusingthis approach,and3) they cancreate

customizeddevice behaviors in their physicalenvironments.
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Chapter 6

PhysicalProgramming

In the Introduction,I presentedthe ideaof physical programming by way of this

workingde�nition.

Physicalprogrammingis the generationof computerprogramsby the

physicalmanipulationof computationallyaugmented(or aware)objects

in a ubiquitouscomputingenvironment.

I also describedin Chapter5 the motivation for developing this programmingap-

proach.But I have not speci�ed theelementsof the language,suchasgrammarand

alphabet.In thischapter, I will:

1. Discussthe relationshipof physicalinteractive environmentto theoreticalma-

chines.

2. Re�ne thede�nition of physicalprogramming.

3. Describean implementationof the physicalprogramminglanguagewithin the

StoryRoomcontext.
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4. Describethe enablingtechnologybehind StoryRoomand physical program-

ming.

5. Discussthelimitation of theimplementedlanguage.

6.1 Physical Interaction Envir onmentsand Automata

Conceptually, a physical interactive envir onment (PIE) is a physicalenvironment

thatcontainsdevicesanda setof instructions.Thedevicesaresensorsandactuators.

The instructionsdictatethe behavior of the devices. Ubiquitouscomputingenviron-

mentis aninstanceof physicalinteractiveenvironment.SinceStoryRoomis aubicomp

environment,it is alsoa PIE.

A physicalinteractive environmentcanbe composedof a) your home,b) a central

air conditioner, andc) a thermostat.The environmentis the home. The thermostat

containsa temperaturesensor, anactuatingmechanism,anda temperaturesettingin-

terface.Thetemperaturethatyou setis aninstruction.Theinteractionmaywork this

way:

1. Youseta temperatureA for your home.

2. If theambienttemperature,detectedby the thermostat,is above A, actuatethe

air conditioner.

3. If theambienttemperatureis ator below A, turnoff theair conditioner.

The SneetchesStoryRoom(5.3) canalsobe describedasa PIE. The physicalicons

suchasthumbsandlights aredevices. The instructionsresideasa softwareprogram

in theMonitor application.And theroomis thephysicalenvironment.
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6.1.1 Deterministic Finite Machine

Thesimplestautomatais thedeterministic�nite machine.Below I will show thataPIE

andits componentsmakea�nite statemachine.Then,I will show how adeterministic

�nite machinecanbeconvertedto a PIE.

Elementsof aphysicalinteractiveenvironmentcanbemappedto a�nite statemachine.

The physicalelementsof the homeexample,the air conditioner, the thermostat,the

temperaturesetting,andthe house,makeup a physicalstatemachine. Let me now

presentthis moreformally.

De�ne augmenteddeterministic�nite statemachine

PIE = (S, � , A, � , I, E, Q,
�

, � , �

� , F) as

S is thesetof sensorsin theenvironment.

� is thenumberof sensors.

A is thesetof actuatorsin theenvironment.

� is thenumberof actuators.

I is a setof orderedpairs.For eachorderedpair, the�rst elementis from

S, andthesecondelementis a �nite setof integersrepresentingthe

sensor`spossiblevalues.

E is a setof orderedpairsthat representsthe �nite setof possiblevalues

for eachactuator.

Q is the �nite setof states,eachstate ����� is a setof orderedpairs.

In eachpair, the �rst elementis anactuatorfrom A andthesecond

elementis a valid value(de�ned by E) of that actuator. Eachstate
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containsonepossibleinstantaneousconcurrentvaluesof all devices

in A.

�

is thealphabet.Eachalphabetcharacteris a � -tuple. Eachelementof

the � -tupleis anorderedpair, in whichthe�rst elementof thepair is

asensor�

�

�

andthesecondelementavalidvalue(de�nedby I) for

thesensor� . Thus,a � -tuplerepresentsoneuniquesetof concurrent

valuesdetectedby all thesensorsin thephysicalenvironment.

� is thetotal transitionfunction.

�

� is thestartstate.

F is thesetof acceptingstates.

Notice that an input string for PIE is simply a temporalsequenceof � -tuples. The

startstate �

� is an arbitrarymomentin time, immediatelybeforeall the sensorsand

actuatorsareturnedon. In my homeexample,the input would simply be a string of

temperaturereadings.

ForStoryRooms,aspecialpurposePIE, thesemanticsof F is determinedby the“story”

craftedby the storyteller. If a story is never ending,then,F is empty. If a story is a

mysterywith a solutionending,thenthatendcanbeanacceptingstate.In short,the

statusof a stateas acceptingor not is at the semanticlevel of the story but is not

restrictedby themachine.Thereis anotherwayto look at this. Consideraverysimple

setup.Youhave akeyboard,amonitor, anda basictext editorprogram.Thekeyboard

is a sensor;the monitor is an output; and the text editor is a �nite statemachine.

Supposethat every time you pressa key, the text editor outputsthe corresponding

alphabetonto the monitor. Here,a naturalacceptingstatewould be somemeta-key

combinationwhichsavesthestringto disk.
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ThetransitionfunctiondescribestherelationshipsbetweenSandA. In thePIE, sensors

(or timers)are neededto activatea transitionbetweentwo states. A side effect of

this transitionis that thesettingsof theactuators(i.e., sound,light, wind, or springs)

change.Note that thealphabet
�

andQ canbe extremelylarge. While this is not a

theoreticalconcern,it is certainlyanimportantpracticalissuefor any implementations.

Take StoryRoomand its children usersas an example. A light sensormay trigger

any integer valuesbetween0 and100,where0 is completedarknessand100 is full

brightness. Supposechildren only caredaboutdark and light, and they don't care

aboutthegradationsin-between.Or, they just wantedto turn a light effectoron and

off. In bothcases,only 2 outof 101possibleinputandoutputvalueswere“practical.”

How to reducethesizesof I andE, andcorrespondingly, of
�

andQ, thenbecomesa

human-computerinterfacequestionfor thedesignteamto answer, to �lter outwhatis

meaningful,whatis necessary, whatis frivolous,andwhatis redundant.

As anexample,theair-conditionedhomecanberepresentedthisway.

AC Home= (S, � , A, � , I, E, Q,
�

, � , �

� , F)

S =
�

Therm� .

� = 1.

A =
�������

� .

� = 1.

I =
�	��
�����������

�

�

�

���

����� . For simplicity, I amusinga thermometerthat

canreportonly threepossibletemperatures.

E =
�	��������������� ����!"!

����� .

Q =
���	�������#�$���

���

���	�%����������!&!

����� .
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Figure6.1: Thestatediagramfor thehomeexample.

�

=
�	� ��
� � �����

�

� �

��� ��
���������

�

���

� ����
��� � �����

��� � .

� is thetotal transitionfunction(�gure 6.1).

�

� is thestartstate.

F =
�	�%�����������

�

���������#�$��!"!

� � .

The statediagramis an encodingof the instructionsof a PIE. It tells us that given

aninput character(thermometerreading)anda sourcestate,move to a new stateand

activate the actuatorsof this new state. As a short hand, I will refer to a physical

interactive environment instructionas a Physical Interaction Instruction with the

following de�nition.

De�nition 2 A Physicalinteractioninstructionis onestatetransitionof thedetermin-

istic �nite machineencodingof a physicalinteractiveenvironment.
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Thus,a PIE'ssetof physicalinteractioninstructions(PII) describestheenvironment's

interactive behavior. Using the statediagramof the homeexample,we canseethat

onePII is: if thethermometeris readinga temperatureof 3 andtheair conditioneris

off, thentransitionto the“air conditioneris on” stateandactivatetheair conditioner.

6.1.2 Transformation of DFA to a PIE

Thetaskof transformingof a deterministic�nite automatonto a PhysicalInteractive

Environmentis to convert DFA = (Q����� ,
�

����� , �

����� , �

�

����� , F����� ) into PIE = (S,

� , A, � , I, E, Q,
�

, � , �

� , F).

1. Assemble
�

�

�����

�

binary valuedsensorcomponents,suchaspush-button. Let

thissetof sensorsbeS,and � =
�

�

�

. I = S �

���

1, 0 ��� .

2. Assemblean actuatorcomponent,containingtwo sub-assemblies:1) a binary

valuedactuator, suchasa fan,and2) a light bulb. Let thesub-assembly2 light

bulb betheacceptorlight. Usethis actuatorcomponentasthestartstate�

� . If

thestartstate�

�

����� is anacceptingstate,turn on theacceptorlight on �

� .

3. Assemble
�

�

�

binary valuedactuatorcomponents,as in step2. Let this setof

actuatorsbeA, andlet � =
� ���

. Turnontheacceptorlight for any actuatorwhose

correspondingstatein theDFA is accepting.F is this setof actuatorswith the

acceptorlight on. E = A �

���

1, 0 ���

4. Q is a setwith � sets.Each �
	 � Q is a setcontaining� couples.Construct�
	

thisway:

for each�
	

� Q�����
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for j = 1 to �

assign� 	 to the�rst elementof thecouple.

if i = j thenassign1 to the2ndelementof thecouple,elseassign0.

next

next

5. To construct
�

, �rst enumeratethe
���

possiblecombinationof concurrentvalues

of thesensorsin Sasan � -bit binarystring.Thencontinuewith:

for each� -bit binarystring

createa � -tuplecontaining� -couples

for i = 1 to �

assigns	 � Sto the�rst elementof thecouple

if bit
	

�

�

thenset1 to the2ndelementof thecouple,elseset0.

next

next

6. To convert thetransitiontable



����� for �

����� into a table



for � , changeeach

row in



�����

from

�����

	

�

���

	
�
	

�

�����

�

to

� �������

�

��

�

� �����

�

��

�

�������$�������

	

�� �

�

�

���������������

�

��

���

�

�	�

���

�

��

�

���

���

�

��

�

�����������

���

	

�

�

�

�������$���

�����

��

� ���
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�	�

���

�

��

�

���

���

�

��

�

�����������

�����

�

�

�

�����������

�����

��

��� .

6.1.3 A Mor eGeneralDe�nition of thePIE Deterministic Machine

ThePIE in 6.1.1representsamachinethatonly inspectsthesensorsin theenvironment

to determinetransitions.A moregeneralmachinewouldbeableto decidea transition

basedon the currentvaluesof both the sensorsAND the actuators.For example,a

physicalinteractioninstructionmightsay, “if contactsensorA is onandlight actuator

X is off thenturn light actuatorX on.”

Thismoregeneralmachinecanbedescribedasanaugmenteddeterministic�nite state

machine
�������

� = (S, � , A, � , � , I, E, Q,
�

, � , �

� , F)

S is thesetof sensorsin theenvironment.

� is thenumberof sensors.

A is thesetof actuatorsin theenvironment.

� is thenumberof actuators.

� = � + � .

I is a setof orderedpairs.For eachorderedpair, the�rst elementis from

S, andthesecondelementis a �nite setof integersrepresentingthe

sensor`spossiblevalues.

E is a setof orderedpairsthat representsthe �nite setof possiblevalues

for eachactuator.

Q is the �nite setof states,eachstate ����� is a setof orderedpairs.

In eachpair, the �rst elementis anactuatorfrom A andthesecond
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elementis a valid value(de�ned by E) of that actuator. Eachstate

containsonepossibleinstantaneousconcurrentvaluesof all devices

in A.

�

is thealphabet.It containsbothsensorandactuators.Eachalphabetis a

� -tupleof orderedpairs.In the�rst � orderedpairs,the�rst element

is asensorfrom Sandthesecondelementavalid value(de�nedby I)

of thesensor. In theremaining� pairs,the�rst elementis anactuator

from A andthe secondelementa valid value(de�ned by E) of the

actuator.

� is thetotal transitionfunction. thetransitionfunctionof PIE.

�

� is thestartstate.

F is thesetof acceptingstates.

6.1.4 Automata With Memory

I have just shown that a PIE is a deterministic�nite machine.Canthe PIE be more

powerful? The differencebetweena �nite machineandall othermorepowerful ma-

chinesis accessto memory. Justbeyondthe�nite machineis theone-countermachine.

It is a �nite machinethatcanreadandincrement/decrementintegervaluesto a single

memoryslot. This may not appearexciting, until you realizethat if a PIE hasthis

memoryandits correspondingoperations,it canhave a timer/counter/clock.

The next machineis the pushdown automata(PDA), with accessto a stack. But its

power derives from the unattainablephysicalattribute of an in�nite stackmemory.

This appearsto bea lost cause.But, we aresavedby a two-countermachine.This is

similarto theone-counter, exceptit hastwo independentmemoryslotstoholdintegers.

113



Turns out the two-countermachine,with just 2 slots, can emulatethe PDA. More

incredibly, it canemulateaRAM machine1.

This is truly amazing. If a PIE canemulatethe two-countermachine,then it is as

powerful asany others.But whatgoodis memory?Whatelsecanwe do in addition

to having a timer?

Thefollowingexamplewill perhapsrevealaverynicepropertyof “memory.” Suppose

we have a PIEenabledhousewith n rooms.Insideeachroomis 1 togglelight switch.

Now, supposewe want this PIE to traceour activities andexecuteaccordingto this

rule: In whatever orderI turn the light on,whenI exit thehouse,the lights shouldbe

turnedoff in thereverseorder.

Of coursewe canencodethis problemasa �nite statemachine.But, it canbequite

large, to the orderof O(n!). On the other hand,a PDA can offer a more compact

solutionby pushingtheidentitiesof theswitchesontothestackasthey areturnedon,

andturningthelightsoff astheir identitiespopoff thestack.

Thecounting,stack,andRAM machinesaremorepowerful thantheFSAbecausethey

remember, andthey canmakedecisionsaboutthe futureby revisiting thepast. So it

wouldbein my interestto addmemoryto thePIE. I canevengetaroundtheproblem

of in�nite memoryby usingthetwo-counteremulator. But EmulatingPDA andRAM

requiresmany stepsin the two-countermachine,andsinceeachof thesestepsmay

correspondto somephysicalprogrammingactivities in the PIE, a PIE equivalentof

thetwo-countermachinemaybeunwieldy. For now, let mejust takea look at a PIE

with a �nite tape. (Unlike theoreticalmachines,the physicalenvironmentis a �nite

place.)

1Thevariousmachinesarevery nicelydescribedin FloydandBeigel's text [34].
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This PIE with a �nite tapecanmakedecisionabouta statetransitionbasedon the

currentof sensors,actuators,AND a recordedhistory! With this new capability, we

canencodestatementssuchas: If sensorsA andB have never beentriggered,acti-

vateactuatorX. Therearesomemorepowerful implications. First, we cansupplya

looping construct.Insteadof �attening outa repeatedsequenceof commands,wecan

collectthesequenceandimposeacountingmodi�er. In addition,thetapesupportsthe

variable construct.

But now comesthedif�cult part.For children,whatarethephysicalsymbolsof mem-

ory? Whatkind of tools,metaphors,andinteractionrulesdo we needto supportthe

manipulationof bothreadingandwriting memory?Thiswasthe�nal partof my work

andit becameimmediatelyclearto methatmuchmoretime wasneededfor both the

adultsandthechild designersto work on this problem. Thereweretwo outstanding

issues.First, theadultswereunableto clearly communicatethe ideasof memoryto

children. And second,prior IDT work that wererelatedto this problemresultedin

complex andconvoluteduserinteractions.Therefore,at this moment,becauseof time

constraints,I cannotcurrentlyoffer any de�niti ve insights.

6.2 A Re�ned PhysicalProgramming De�nition

Theworking de�nition of physicalprogrammingincludeda rathervagueterm: com-

puterprograms.Basedon my discussionin 6.1.1,I canreplacecomputerprograms

with physical interaction instruction . Now a re�ned de�nition is:

De�nition 3 Physicalprogrammingis thegeneration of physicalinteraction instruc-

tionsby thephysicalmanipulationof computationallyaugmented(or aware) objects

in a ubiquitouscomputingenvironment.
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Thede�nition of �nite machineonly describesthecontentof thetransitiontable,but

not how thetable's contentis “written” or created.Similarly, thede�nition of a phys-

ical interactive environmentalsodoesnot sayanything aboutcreatingphysicalinter-

actioninstructions6.1.1. This is wherephysicalmanipulationandgeneration come

in. Ratherthanusingthetraditionalmodelof a usertypingor drawing programcode,

I want to explore new waysfor theuserto createprogramcode(physicalinteraction

instruction)by wayof syntacticallymeaningfulphysicalgestures.

De�nition 4 Physicalsyntaxis a setof physicalgesturesthatareusedto interactwith

computationalobjectsin order to createphysicalinteractioninstructions.

Similar to the text editorsusedto createconventionalprogramcode(Java, C, etc.),

Physicalprogrammingalsorequirestools for the userto createthe physicalinstruc-

tions. In thenext section,I describeoneimplementationof physicalprogrammingfor

StoryRoomsandits suiteof programmingtoolsandphysicalsyntax.

6.3 Implementation

BecausetheStoryRoomwasdesignedfor youngchildren,its programmingtoolswere

tailoredto their abilities. Onemetaphorthatworkedwell with theIDT child partners

wasmagic. That is, asa child wascreatingphysicalinteractioninstructions,shewas

castingmagicspells. Furthermore,shecould createmagicwhenshewasa wizard,

but notat othertimes.

The programmingtools to supportthis approachwascomprisedof a setof tangible

toolsandicons. The tools includeda magicwand,a wizard's hat, anda once-upon-

a-timelever. Whena child wore the hat, shebecamea wizard. Whenshetook off
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the hat, shebecamenormal again. The once-upon-a-timelever wasa large switch

for turning on/off the StoryRoommachine. The magic wandwasusedto generate

physicalinstructions.The iconswerethe sensorsandactuators,suchashand,light,

fan, foot, andblinker. The shapeof the iconsimply functionality that couldbe used

to augmentinteractivity ontoprops.For example,a handimpliestouchable,a blinker

implies“look here.”

Theprimitivephysicalgesturesfor StoryRoomswere:

1. Wearthehat.Entertheprogrammingmodeof StoryRoom.

2. Putthehatback.Exit theprogrammingmodeof StoryRoom.

3. Pull theonce-upon-a-timeleverdown. ActivatetheStoryRoommachine.

4. Pull theonce-upon-a-timelevel up. Turnoff theStoryRoommachine.

5. Pressthe new-spell button locatedon the magicwand. Start a new physical

interactioninstruction.

6. Wavemagicwandoveranicon. Includethis icon into thecurrentphysicalinter-

actioninstruction.

Thephysicalsyntaxfor creatinga physicalinteractioninstructionwas:

Pressthenew-spellbutton.

For eachsensor/actuatorthatI wantto includeinto theinstruction

Wavethemagicwandover theobject.

Next
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The StoryRoomhadtwo distinct modes:authoringandplayback. In the authoring

mode,theprogrammingsystemcapturedactivities andsaved interactioninstructions

into a database.In the playbackmode,the systemmonitoredsensoreventsandre-

ferredto this databaseto trigger actuators.A child initiated the authoringmodeby

becominga wizard. Whenshewore the wizard's hat from a “magic table” andtook

themagicwand,shebecamea wizardandcouldcastspellsontothephysicaliconsin

theStoryRoom.By returningthehatandthewandto themagictable,sheturnedoff

theauthoringmode(�gure 6.2).

To createrelationshipsamongthe physicalicons,the child wizard waved the magic

wandover any iconsthatshewantedto bewithin aninstruction.For example,if the

wizardwanteda bluelight to turn on whena redhandwaspressed,she�rst pressesa

new-spellbuttonon thewand.Then,shewavedthewandover boththebluelight and

theredhand.To thechild wizard,shehadjustcreated“invisiblewires” betweenthese

iconsso that the red handhadcontrol over the blue light (�gure 6.3). A generated

physicalinteractionrule is:
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The new-spell button was the programminglanguageequivalent of the semicolon.

Eachpressof thebutton1) closedthecurrentlyrecordedsetof sensorsandactuators,

and2) begananotherphysicalinteractioninstruction. Multiple sensorsor actuators

within a rule weretreatedto have AND relationships.Whenseveral rulessharedthe

samesensor, they wereinterpretedto have ORrelationships.For example,givensen-

sorsA, B, C, D, andactuatorsX andY, if I wantX to beactuatedwhenA, B, andC
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Figure6.2: A child creatinginteractionrules.By wearingthewizard'shat,sheknows
that shecancreatemagic. The magicwandgivesher thepower to create“invisible”
wires to connectdifferenticons. Here,sheis waving thewandover a physicalhand
icon.
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Figure6.3: Thenew-spellbuttononthemagicwandletschildrencreatemultiple inde-
pendentphysicalinteractioninstructions.Theyesandno sidesweremodi�ers to the
selectionactionof the wand. Yesmeantincludethe positive actionof an icon into a
rule. No meantincludethenegative actionof anicon. (If an icon wasnot selectedby
thewand,it wasconsidereda don't care.)
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Figure6.4:A physicalprogrammingexample.GivensensorsA, B, C,D, andactuators
X andY, actuateX whenA, B, andC aretriggeredsimultaneously. The�rst stepis to
pressthenew-spellbutton.

Figure6.5: Steptwo: wave thestarsideof thewandoversensorA.

aretriggeredsimultaneously, thenI wouldpressthenew-spellbutton, wave thewand

overA, B, C, andX (�gures 6.4,6.5,6.6,6.7,and6.8).

Thecorrespondingphysicalinteractioninstructionsare:
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Figure6.6: Stepthree:wave thestarsideof thewandoversensorB.
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Figure6.7: Stepfour: wave thestarsideof thewandoversensorC.

Figure6.8: Step� ve: wave thestarsideof thewandoveractuatorX.
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Notice that with the physicalapproach,� ve simple gestures—onebutton pressand

four waves—createdtheeightphysicalinteractioninstructions.

If I want X to be actuatedwheneitherA or B are triggered,thenI would pressthe

new-spellbutton , wave the wandover A andX; followedby new-spellbutton , and

wavewandover B andX (�gures 6.9,6.10,6.11,6.12,6.13,6.14).Thesesix gestures

generate
�

�

physicalinteractioninstructions.
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Figure6.9: Anotherphysicalprogrammingexample. GivensensorsA, B, C, D, and
actuatorsX andY, actuateX wheneitherof A andB aretriggered.Again,the�rst step
is to pressthenew-spellbutton.

Figure6.10:Steptwo: wave theStarSideof theWandover SensorA.

Figure6.11:Stepthree:wave thestarsideof thewandover actuatorX.

Figure6.12:Stepfour: pushthenew-spellbuttonfor anew rule.

Figure6.13:Step� ve: wave thestarsideof thewandoversensorB.
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Figure6.14:Stepsix: thestarsideof thewandover actuatorX.

Themagicwandhadtwo terminals:thestarside(Yes)andtheX side(No). Thestar

sideimposeda positive modi�er to the attributeof the physicalicon, whereasthe X

sideimposeda negative modi�er. For example,givensensorsA, B, C andactuators

D, E, if I want E to activatewhenA is triggeredAND B is not triggered,I would

wave thestarsideoverA andtheX sideoverB. A device thathasnotbeenselectedis

considereda don't care. Note: TheX sidewasonly implementedin a wired version

of thephysicalprogrammingtools.

6.4 The Enabling Technologyto Support PhysicalPro-

gramming

Physicalinteractionsarefundamentalin theStoryRoom,whetherthey 1) occuramong

thephysicaliconsandchildren,2) amongthephysicaliconsthemselves,3) between

propsandthechildren,or 4) amongchildrenthemselves. I designeda systemto sup-

port the�rst two cases,which requiredembeddeddevices(within physicalicons)and

acommunicationprotocolto controlthem.In doingso,I cameto understandthatthese

deviceshadto berugged,durable,andpredictablein behavior.
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Figure6.15: The componentsto a StoryRoomicon controller (left) andthe compo-
nentsof aStoryRoomicon (right).

6.4.1 EmbeddedDevices

Theembeddeddevices,or “icon controllers,” consistedof severalcomponents(�gure

6.15):

� A printedcircuit board(PCB)with micro-controllerandvariousgeneralcircuits

for communicationsandsensors.

� A batterycircuit board.

� A wirelesscommunicationsmodule.

� A drivercircuit boardwith customcircuitsfor controllingthesensorsandactu-

atorsof a speci�c typeof StoryRoomicon.

Themulti-layerPCBmicro-controllerandbatterycircuit boardsweredesignedby Eu-

geneChipman(agraduatestudentin thedepartmentof computerscience),andprofes-

sionallymanufactured.Thepolymerrechargeablebattery, with a packagedprotection

circuit, provideda minimumof 4 hoursoperationwithout recharging. Thedriver cir-

cuit boardswerebuilt in our lab from basicelectroniccomponents,andusedexternal
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batteriesto drive the higher power consumingactuatorssuchas lights and motors.

Thesefour componentsstackvertically into a singlepackagelessthan1” in height

andwereenclosedwithin a 2” � 4” plasticbox andembeddedinto a foamy iconic

shell.

A sophisticatedwirelessmodem,theWIT2410WirelessModule from Cirronet,Inc.

[www.cirronet.com]waschosen,primarily becauseit hadextremely low latency. It

also had good bandwidth,reasonablesize and power consumption,a packagethat

eliminatedmostof theRFdesignchallenges,andon-boardmanagementof thewireless

protocol.

Therewasanunexpecteddesignchallenge:theplacementof thepowersocketandthe

on-off switchof theembeddeddevice. In orderfor thephysicalicon to not revealthe

technology, thefoaminteriorcouldnothaveanopeningfor chargingthebatteryor one

for turningthedeviceon/off. Thismeantthatwehadto constantlyremove thedevices

from its outershelljust to performsimpletasks.

6.4.2 Communication Protocol

A StoryRoomapplicationranon asinglecomputerandmonitoredtheactivitiesof the

environmentandcontrolledthestatesof theiconcontrollers.Communicationbetween

theStoryRoomapplicationandthephysicaliconsfollow athree-layeredprotocol(�g-

ure6.16)similar to theTCP/IPNetworkmodel[104]. Theseinclude: 1) thewireless

layer, similar to the link andIP networklayersin theTCP/IPmodel,2) thenetwork

layer, similar to the TCP networkandtransportlayers,and3) the applicationlayer.

TheWIT2410modulesprovidedthewirelesslayer. Networklayersoftware,running

on both the icon-controllersandthe computerwith the StoryRoomapplication,pro-
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Figure6.16:TheStoryRoomnetworkmodel.

vided delivery of applicationlayer messages.Application layer softwarein the icon

controllersexecutedincomingapplicationmessagesandgeneratedoutgoingonesas

needed.

6.4.2.1 The Wir elessLayer

TheWIT2410wascon�guredto operatein apoint-to-multipointmodewherethebase

unit (attachedto the computerrunning the StoryRoomapplication)could sendand

receive datafrom eachremote(attachedto an icon controller). Remotessendand

receive dataonly with thebase.Thebasetransmitteda broadcastwhereevery remote

unit receivedthedata.UnitssharedtheRFchannelusingtimedivisionmultipleaccess

(TDMA).

6.4.2.2 The Network Layer

The network layer manageddelivery of messagesregardlessof whetherthey origi-

natedfrom theapplicationor anicon; however, a differentpacketstructurewasused

for each. Packetsoriginatingat the applicationcould carry multiple messages(�g-
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Figure6.17:Applicationoriginatedpacketformat.Eachpacketwas12byteslong.

Figure6.18:Iconoriginatedpacketformat.Eachpacketwas8 byteslong. Theack/seq
�eld indicatedwhetherthemessagewasanacknowledgementof anapplicationmes-
sageor wasaniconoriginatedmessage.

ure 6.17). Thesepacketscould be destinedfor a single icon or could be broadcast

to groupsof icons(or all icons). Packetsoriginatingat an icon carriedonly a single

messageto the application(�gure 6.18). In both packettypestherewasa sequence

numberthatrepresentedthenumberof packetssentby aspeci�c origin. Thesequence

numbercouldbeusedfor checkingtheorderof arriving messagesandwasnecessary

for a futureimplementationof thenetworklayerthatwill provideguaranteeddelivery.

6.4.2.3 The Application Layer

Theapplicationlayerprovideda messageformat for theapplicationto con�gure and

control iconsandfor iconsto provide bothpolledandevent-driveninformationto the

application.Eachapplicationinbound/outboundmessagewashandledby individual

threads.Thereador updateoperationson theapplication's device databasewerecon-

trolled by semaphores.Messagescouldcontaininstructioncodes,servicecodesand

data. The instructioncodewasusedto determinethe function of the message.Ex-

amplesincludediscovery, inbounddata,andoutboundsetdata.Theapplicationcould

generateinstructionsfor settingor requestingthestatusof serviceparameters,setting
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defaultservicevaluesfor an icon or issuinga resetcommandto anicon. Iconscould

generateinstructionsfor registrationwith theapplicationandfor reportingapplication-

requestedor icon-generatedinformation. Servicecodeswere usedto identify icon

speci�c functions.Someexampleservicesincludetouch(handicon), intensity(light

icon),andselected(iconsduringtheprogrammingmode).

Themostcommoninstructioncodeswere:

discovery An embeddeddevice sendsthis icon-originatedmessageto theapplication

to registeritself.

inboundData Am embeddeddevice sendsthis icon-originatedmessageto theappli-

cation.

outboundSetData An applicationoutboundmessagefor embeddeddevicesto update

their internalvaluesandactuatephysicalchangesif necessary.

outboundRequestDataAn applicationoutboundmessageto requestthecurrentstate

datafrom anembeddeddevice.

inboundReplyWithRequestedDataThecomplementto outboundResetData,anem-

beddeddevice returnstherequesteddata.

outboundResetDataAn applicationoutboundmessageto resetthe target device(s)

internalvaluesandactuatephysicalchangesif necessary.

Eachdevicecouldsupportoneor moreservices.Themostcommonserviceswere:

intensity Primarily supportedby actuators.

touched Primarily anattributeof contactsensors.
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selectedSupportedby all devices.Usedduringtherecordingphase.

includeThisDevice Usedduringtherecordingphase,generatedby a proximity sens-

ing device (magicwand).

beginProgramStatement Usedduringtherecordingphase.

broadcastserviceack All devicessupportthis low level synchronizationservice.

singledevice ack All devicessupportthis low level synchronizationservice.

discoverysynchronization All devices supportthis low level synchronizationser-

vice.

deviceType All devicessupportthis low level synchronizationservice.

deviceColor All devicessupportthis low level synchronizationservice.

proximity Supportedby proximity sensingdevices,suchasthemagicwand.

6.4.3 Icon Controller Hardwareand Software

The17C756Amicro-controllerfrom Microchip, Inc. [62] wasusedon the icon con-

troller board.In additionto themicro-controller, theicon controllerboardhadseveral

supportcircuits, includinga RS232driver andtwo 7-segmentdisplaysfor debugging

purposes.Oneof the micro-controller's serialportswasdedicatedto the WIT2410

wirelessmodule.Theotherserialport wasusedfor communicationwith theapplica-

tion computer, in thecaseof thebaseunit, or for controlof sensordevicesasneeded

in StoryRoomicons.

The digital input/outputof the micro-controllerwasusedfor sensorsandactuators.

Thedrivercircuit boardhadcustomcircuitsdependingon thedevice to becontrolled.
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A commonsensorusedin StoryRoomswasa simpleswitchthatranthrougha simple

circuit to providea latchon theswitch,which thendroveoneof themicro-controller's

digital inputs.Whenaninput changewasdetected,theappropriatemessagewassent

to theapplicationandthelatchclearedto bereadyfor thenext event.Actuatorscould

besimplelights, which thecontrollerdrove througha transistorcircuit thatprovided

externalbatterypower to thelight. Otherdrivercircuits includeda motordriveranda

circuit to driveglow �ber.

In orderfor StoryRoomsto bea physicallyprogrammableenvironment,it wasneces-

saryto have physicaltoolsthatactedover physicalicons.Themostbasictool wasthe

“magic wand,” which allowedchildrento createicon groups(�gure 6.19). The term

group is identical to physicalinteraction instructionand is usedwhenI explain the

processto thechildren.Thewandmustbeableto detecttheproximity of othericons

andidentify them.TheATT usedaradiofrequency identi�cation (RFID) systemfrom

SkyeTek, Inc. This systemdetectedandidenti�ed RFID tags,which areinexpensive,

passive, creditcardsizedpiecesof paperandwire thatwereinsertedinto StoryRoom

icons. Controlof the systemwasthroughthemicro-controllerserialport, andRFID

readerdatawastranslatedinto a messagefor theStoryRoomapplication.Themagic

wandwasableto detectandidentify otherStoryRoomiconsconsistentlyfrom arange

of about4”.

I consideredtwo possiblemethodsfor trackingobjectsin theStoryRoomenvironment:

1) proximity amongobjects,and2) object tracking. Conceptually, a proximity en-

ablingtechnologycontainsmultipletransponderswith uniqueidenti�ers (tags),at least

oneof which is a “reader,” anda transferof datafrom thereaderto a data-processing

computer. Whentagscomewithin the rangeof the reader, the readeris ableto read

their identitiesandthensendthedatato thedata-processor. RFID technologyis one
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Figure6.19:TheMagicWandandanunderlyingRFID reader.

popularimplementation.

Conceptually, awayto trackobjectlocationsin indoorenvironmentsis to strategically

placebeaconsaroundtheenvironmentandto embedtransceiversinto mobileobjects

(in my case,this would be the physical icons). The beaconssendcontinuousand

uniquelyidenti�ed signals.Eachmobileobjectcancalculateits locationby decoding

andcalculatingthedifferencesin thearrival timesof thesignals.Theselocationdata

canthenbesentto a centraldata-processingcomputer.

Although the secondchoicewould offer moreinteractionpossibilities,I wasunable

to �nd any viable demonstrationor commercialsystemsthat could be asreliableas

the simplerproximity sensingabilities of the RFID technology. With regard to the

StoryRoom,this wasnot a detriment,sincein physicalstoriesinteractionsusually, if

not always,took placewhenobjectsinteractwith eachotheror with people.That is,

storyinteractionswerebuilt upontheproximity of objectsto eachother.
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6.5 Limitations of the Implemented Language

TheStoryRoomsandits physicalprogrammingtool waslimited by two mainfactors:

1) theunderlyingmachinemodel,and2) thechoiceof userinteractions(i. e.,physical

syntax).SinceStoryRoomsis aphysicalinteractiveenvironment,it is astatemachine.

As such,it lacksmemoryandoperationsonmemory. Thephysicalsyntaxwasincred-

ibly simple. It only involved� ve kindsof physicalactions:press,wave, pick up, put

back,andpull.

In 6.1.4 I suggestedthat addingmemoryto PIE would introducedesirablefeatures

to the programmingefforts of physicalinteractive environments.For example,with

only a countervariable,theenvironmentwouldbeableto keeptrackof time, allow a

userto specifywhenanactionshouldoccur, or countthenumberof occurrencesof an

event. More memorycouldprovide morepowerful programmingconstructssuchas

loopandsequenceinto thephysicalsyntax.But thisextra programmingpowercomes

at a costof morecomplexity in physicalsyntax. For instance,I do not believe thata

physicalsyntaxfor loopingcanbeaseasyasthepressandwavecombinationsof the

�nite statePIE.Evenif theprimitivephysicalgestureswerethesame,amorecomplex

combinationof thegesturewouldprobablybeneeded.

Thecurrentimplementationof StoryRoomis a PIE. Thatis, thephysicalenvironment

only inspectsthecurrentsensorvaluesto transitioninto new states.In orderfor Sto-

ryRoomto supportthe moregeneralandusefulPIE
�

� , I would needto modify the

press-and-wavesyntax.This is becausethePIE versionimplicitly groupsall thesen-

sorsinto the pre-conditionandall the actuatorsinto thepost-conditionof a physical

interactioninstruction.But in a PIE� � , sincetheactuatorscouldappearin both pre-

conditionaswell asthepost-conditionof theinstruction,thereneedsto bea physical
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gestureto preciselyindicatewheretheactuatorsshouldbeassigned.This is actually

a dif�cult issue. Of the many physicalsyntaxdesignedduring the IDT sessions,all

weremorecomplicated(in termsof gesturecountandgesturetype) thenthe simple

pressandwaveof thePIE. Again,addingmore�e xibility in themachinerequiresmore

complicatedgestures.

Physicalprogrammingis not just for childrento createStoryRooms.Prudentchoiceof

physicalgestureprimitivescanoffer adultssimplewaysto controleverydaydevices.

For example,let meextendthealarmblocksideafrom theIntroductionto ahypothet-

ical setof blocksto control both a VCR anda microwave oven. This setof blocks

contains:1) hourblock,2) minuteblock,3) secondblock,4) playblock,and5) record

block. Now, supposeI wantto heatup my dinnerfor threeminutes,I wouldplacethe

minuteblockontopthemicrowaveandturnit sothatI seethenumber3. ThenI would

placetheplay block adjacentto theminuteblock. This activatesthemicrowaveandI

amhappyto have my dinner. Using thesameblocks,I now placethehourblock on

topof theVCR andturn it to seethenumber8. ThenI placetheminuteblockandturn

it to seethenumber30. Finally I placetherecordblockadjacentto thesetwo blocks.I

have just settheVCR to recordat 8:30. Of coursethesetwo examplesdo not address

importantinterfaceissuessuchas,how do I represent60 numberson a block. But the

point I wantto makeis thatwhile theseblocksarenot nearlyaspowerful asa remote

control,they canperformverysimpletaskssimply.
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Chapter 7

An Exploratory Study of a NewProgramming

Approachfor Kinder garten Childr en: Physical

Programming

After theearlyStoryRooms—TheRedBalloon, TheSneetches, andothers—Istill did

not have a clear vision of a children-usableprogrammingsystemto de�ne sensor-

actuatorinteractions. I wasalsosurprisedto �nd that the picture basedprototypes

did not give childrena clearway to program. Fortunately, asthe IDT' s elementary

schoolageddesignpartnersdemonstrated,directmanipulationof physicalobjectswas

a promisingdirection. This (programming)wasthe lastunsolvedelementof theSto-

ryKit andbecamemy new goal: to develop a usablesystemandto �nd out to what

extent kindergartenstudentscould understandthe interactive natureof StoryRooms

andwhetherthey couldcreatecustominteractionsin theirown stories.

ThischaptercoverstheexploratorystudyI ledonphysicalprogramming[67], a phys-

ical userinterfacemetaphorfor usersto generateinteractionrulesby the direct and

physicalmanipulationof physicalicons. It wasconductedboth in HCIL, with IDT

members,andat theCenterfor YoungChildren(CYC), a preschoolon theUniversity

135



of Marylandcampus,which fostersandsupportsresearchanddevelopmentactivities.

In this earlystage,I waslessconcernedwith thepotentialeducationalbene�tsof the

technology. I wasinsteadinterestedin whetherthe technologywasusableby these

veryyoungchildren.To understandtherelationshipbetweeninteractiveenvironments

andtheyoungchildren,I exploredthreebasicquestions:

1. Canyoungchildren(4-6yearsold) comprehendwhata storyis aboutin a phys-

ically interactiveenvironmentsuchasaStoryRoom?

2. Canthey useor participatein analreadycreatedstoryin aStoryRoom?

3. Canthey usephysicalprogrammingto createa StoryRoom?

With the IDT, I useddescriptive andqualitative researchmethods(further described

laterin this chapter)to answerthesequestions.

7.1 Participants

Thisstudyincludedthreeparticipantgroups:1) adultresearcher, 2) elementaryschool

agedresearcher, and3) preschooluser. Theadultswereregularmembersof theIDT.

At theresearchsessions,theadultteamwascomposedof � ve people:two adultswho

facilitatedthe storytellingwith the children; onevideographerin the room; one re-

searchersituatedbehindaone-wayobservationwindow usingthecomputerto reactto

whatthechildrendid; andoneassistant,who helpedinterpretthechildren's activities

whenthey becamedif�cult to seeor understand.Theelementaryschoolstudentswere

alsoregularmembersof theIDT. Normally, they thinkabouttechnologyfor theirpeers.

But this projectplacedthemin a moresigni�cant role— designersof technologyfor
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peopleyoungerthanthey were—andto alsoconsiderwhethertheagedifferencewould

haveserioususabilityimpacts.Thisstudyinvolvedtwo differentpreschoolsubgroups.

The �rst wereinvited to HCIL for informal sessions.The next werestudentsat the

kindergarten.

7.2 SessionStructur es

After I identi�ed the goal of a physicalprogrammingapproach,I andthe IDT team

devotednumerousbrainstormingsessionsanddevelopedthe �rst semi-wizard-of-oz

system,includingphysicalartifactssuchasiconsanda magicwand(�gure 7.2). Be-

causethe teamdid not have extensive working knowledgeof kindergartenersbefore

the study, the ATM invited two separategroupsof two kindergartenagedchildren

(ages5-6) to our lab (�gure 7.1) for informal observations.Theadultsexplainedhow

theprogrammingtoolsworked,andobserved their explorationswith tools. Thetime

they spentusingthetoolswasunstructured.We wantedto seewherethey ledus.One

adult facilitatedeachsession,four adultstook notes,sevenotherchildren(regularde-

signpartnersof theIDT) werealsonote-takersandperiodicallyaskedquestions,and

onechild designpartnervideotapedtheexperience.

With theseinitial observations,theadultmembersquickly realizedthatthechildren's

explorationof theprototypemustbestructured.Theideaof interactivestoriesneeded

to bepresentedwith increasinglymoreabstractions,in orderfor us to understandto

what extent childrenunderstoodthe technology. Onechild designpartner(age11)

wrote, “I don't think they got it whenwe started. WhenI showed themsomething

it madesensethen. I think it wasgood when they did it with me. Then they had

somegoodideasto show us.” The notion of a physicalinteractive environmentwas
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Figure7.1: Prior to visits to thelocalkindergarten,theATM �ne-tunedpossibleinter-
actiontechniqueswith two pairsof childrenin thesameagerange.

conceptuallydif�cult to understandandstill somewhatuncommon,soto startoff with

the ideaof programmingonewasdif�cult to graspfor children (andmany adults).

Thereforethesessionsat thekindergartenthatfollowedtheseinitial sessionscontained

threeparts,whichconvenientlycorrelatedto thethreeresearchquestionsof thestudy:

Childr enasAudience An adulttold anexamplestorywith aStoryRoom.

Childr enJoinedAdults asStorytellers Thechildrenretoldthestory, sothatthey get

to playwith thepropsandsqueezethephysicalicons.

Childr enasPhysical Programmers Childrenwereshown how to programwith the

physicaliconsandwereaskedto makeupa story.

Theadultmembersconductedfour subsequentsessionswith thestructuresdescribed

above, at thekindergarten.In total, this studyincluded11 kindergarteners(ages4-6)

(table7.1). Sevenwereboys,four weregirls andeachgroupincludedonegirl andat

138



Figure7.2: EarlyLow-techdesignsessiononphysicalprogrammingtools.
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leastoneboy. The�rst threegroupshadthreechildrenparticipatingandthelastgroup

had two children. The �rst threegroupsworkedwith researchersan averageof 13

minutes/session,andthelastgroupworkedfor 50minutesto seeif therewereobvious

differencesin childrenwhenthey hadlongerexposureto thetoolsandprops.

Table7.1: Groupcompositionof thestudy.

Group Number of
Children

Gender

1 3 2 Boys,1 Girl
2 3 2 Boys,1 Girl
3 3 2 Boys,1 Girl
4 2 1 Boy, 1 Girl

7.3 Wizard-of-Oz Prototype

In order to understandif young children who had not helpeddesignmy program-

ming toolscoulduseits physicalmetaphor, I, with theATT, developeda mid-techor

wizard-of-ozprototype(�gure 7.3)for this formativestudy. I thoughtit wasimportant

to have the�e xibility to experimentwith differenttechnologybehaviorsdependingon

theuserinteraction.But I alsolearnedfrom many low-techdesignsessionsthatoften

the “wizard” (person)could not track the many concurrentactivities in the environ-

mentandreactappropriately. Therefore,I developeda softwareapplication,written

in RealBasic[83] on the Macintoshcomputer, that allowed the wizard to de�ne and

groupaction-reactionruleson-the-�y asthechildrenwereusingthetechnology. The

wizard softwarebroadcastedserialdatapacketsvia a 433 MHz RF Transceiver con-

nectedto theserialportonaMacintoshlaptop.Thesesignalswerethenreceivedby RF

transceiversembeddedin thephysicaliconsandinterpretedby BASIC StampMicro-
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Figure 7.3: PhysicalIcons for programminga StoryRoom. From left to right: A
“hand” to makean object touch-sensitive; a “light” to makean object “light up”; a
“soundbox” to attacha soundto an object; a “magic wand” to signalthe authoring
mode.

controllers[98]. Basedon thedatacontent,themicrocontrollerthencouldturnonand

off activatorssuchaslights,sounds,andbuzzers.This implementationsupportedone-

way communication,so childrenpressingthe sensors,or tappingthe iconswith the

wanddid not actuallyactivateanything. Througha one-waymirror adult researchers

observedtheactionsof a child, andsenttheappropriateresponsefrom thecomputer.

For exampleif a child pressedthehandandexpecteda light to comeon, it would.

7.4 Story for the Research Sessions

Basedon preliminarymeetingswith the invited youngchildren,The IDT designeda

storythatwasunderstandableandinvolvedtheinteractive technology.

Hereis TheIreneStory:

Narrator:“One day, Irenewashiking in thewoodsbehindherhouse,and

shewent fartherthanever before. Shebecamelost. Irenesaw a cottage
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justupahead.Shewalkedupto thecottageandsaw astrangepurplehand

andpressedit.” [Narratorpressesthepurplehandphysicalicon. A purple

light placednext to a furry mouselightsup.]

Narrator: “Shewalksup to thepurplelight, andseesa mouse.Shesaid,

`Mr. Mouse,do you know a way backto my house?'Mr. Mousereplied,

`I do not know whereyour houseis. Maybeyou shouldaskMr. Koala.'

Irene�nds andgoesup to Mr. Koala.Sheseesa greenhandnext to it. So

shesqueezesit andasks,̀ Mr. Koala,doyouknow thewayto my home?”

[Narratorpressesthegreenhandphysicalicon. A greenlight placednext

to a snakelightsup.]

Narrator:“Mr. Koalasaid,̀ I donotknow whereyourhouseis. Maybeyou

shouldaskMr. Snake.' Irenefollows thegreenlight andseesMr. Snake.

Sheasksthe samequestion.Finally, Mr. Snakesays,`Sure,I know just

theway. Come,follow mebackto yourhome.”

Usingthisstoryastheanchor, two adultinteractorsledthekindergartenersthroughthe

threesessionsegments.In theChildren as Audiencepart,while the childrensatand

watched,an adult wasthe narratorof the story, pressingon the handphysicalicons

andpointing out the resultingsoundeffectsandactuatedlights in the room. In the

ChildrenJoin Adultspart,theadultsencouragedthechildrento retell thestoryasthey

hadjustseen.In theChildrenasPhysicalProgrammerssection,theadultsshowedthe

childrenhow themagicwandworked. The childrenwerethenfree to useany of the

props,existingobjectsin theroom,andany numberof physicalicons,to tell theirvery

own stories.
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7.5 Default Interaction Rules

Becauseastandarddid notyetexist for physicalprogramming,I de�nedasetof inter-

actionrulesfor thisstudy.

� Themagicwandwasonly usedfor programmingactivities.

� Theglow-�ber andbuzzerof theiconsindicatedtheselectedstateof

theicon,andwereusedduringtheprogrammingmode.For example,

when the wandtoucheda light icon, the wand's glow-�ber would

blink. In addition,the icon would makea buzzingsound,its glow

�ber wouldblink, andits light would turn on.

� To createa condition-actionrule: “if redhandis touched,thenturn

blue light on,” a child would takethe magicwand,andtap the red

handandthebluelight to createagroup.

� To starta story, putaway themagicwand.

Theserulescamefrom observationsduringIDT designsessions.Themagicmetaphor

waschosenbecausechildrenliked theideathatthey couldmakethingsmagical.Magic

wasalsoa reasonableexplanationfor themoreabstractbehaviors of technology. The

ATT membersusedbothsoundandlight to indicatean icon's selectedstate,because

it wastheeasiestfeedbackmethod.Tappingwasdesignedto bea deliberateandun-

ambiguousaction,sothatboth thesystemandthechildrenwould sharethesameex-

pectationof behaviors. Finally, a simple cueof removing the wandaway from the

storytellingareawaschosento distinguishtheplay from theprogrammingmode.
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7.6 Data

Thiswasaqualitativestudy. Onevideocamera,locatedin theclassroom,about�fteen
feetawayfrom thestoryarea,capturedtheactivitiesanddialogueof all children.Back
in theHCIL lab,I reviewedthetapesandcreatedacontextual inquiry chart[24]. From
thischart,I notedthetime,verbaldiscussion,andactivities (table7.2).

Table7.2: Sampledatafrom thecontextual inquiry chart.

Time Quote Activities
32:23 F: canyou tell a

story with these
things?

W: yeah

32:44 W: I want to be
mouse,B: I want
to bekoala

W grabsmouse,B grabskoala, G grabs
snake.

32:57 W: the mouse
went...

W grabspurplesetandmoves to the cot-
tage

33:07 W positionsthe purple handand light by
thecottage.B holdson to thegreenhand.

33:13 W: the mouse

went to sleepone

night

W: touchesthepurplehand,thelight came
on

33:15 B: squeezesthegreenhand

33:23 W: who's on my

door

33:55 B: squeezesthegreenhand. Greenlight came

on.

7.7 Analysis

After a review of thedialogueandactivities, threemembersof theteamtogetherana-

lyzedthedatachartsanddevelopedcodesfor “roles” (whoachildwasduringaspeci�c

action(e.g.,experimenter, story participant,etc.) and“activity patterns”(e.g.,story-
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telling, playing,etc.). Oncetheteamagreedon theseinitial codes,thenall thecharts

werecoded. In �gures 7.4 & 7.5, the frequency of theserolesandactivity patterns

weresummarizedfor thelastthird of eachsession.It wasdecidedby theAT members

thatduringthethird partof thesessionwasreallywhenthechildrenweremostin con-

trol andhadthemostfreedomto explore.Duringthe�rst two partsof thesession,they

werelearningprimarily aboutthetechnologiesemployed.In thefollowing sections,I

will discussmy analysisof thefour sessions.

7.7.1 Childr enasAudience

In this initial part of the sessionthat lastedon averagelessthan2 minutes,children

were shown the “Irene story” and acrossthe four sessions,children were quite at-

tentive. They were fascinatedby the useof the physicalicons to createa physical

interactive experience.At no time did any childrenlook bored;many of thechildren

couldnotwait to usethephysicaliconsthemselvesto try out thestoryexperience.

7.7.2 Childr enJoin Adults asStorytellers

Duringthissectionof thesession,mostof thechildren(10outof 11)werereadilyable

to recallandreenactelementsof thestory. They activelyparticipatedin theStoryRoom

experiencesof Irene. Many of them(9 out of 11) alsoseemedto understandhow to

usethe physical icons to participatein the story. Interestingly, one child began to

experimentwith thephysicalicons' behavior duringthis partof thesession.Shekept

pressingon thehandto seeif it wouldrepeatedlyturn ona light.
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7.7.3 Childr enasPhysical Programmers

During this third and�nal partof thesession,thechildrenwereshown how to phys-

ically programandthey exploredthe useof thesetechnologiesfor storytelling. My

analysisof therolesandactivity patternsrevealedthatthechildrenspentmostof their

time experimentingwith thetools(seeCharts7.4& 7.5). They werenot afraidto try

out differentcombinationsof tapswith the magicwand,and frequentlypressedthe

handto explorethepossibilitiesof whatit affected.Thereweretimeswhenatechnical

glitch occurred(e.g.,the researcherat the computersentthe wrong commandto the

physicalicons,or wasdelayedin responding).Thisalsopromptedthechildrento con-

tinueto experimentwith thephysicalicons. Interestingly, someof thechildreneither

wavedthewandseveral times,or tappedrepeatedly, until they saw thefeedbackthey

expected.In eachsessionat leastonechild wasableto form ade�nite ideaabouthow

to physicallyprogramwith thetools.

Wherethe childrenseemedto have the mostchallengeswith physicalprogramming

wasin understandingthe differencebetweenthe programmingmodeandthe partic-

ipation/usemode. The childrenunderstoodthat thewandhelpedthem“make things

magic.” But they haddif�culty understandingthat it wasa tool, andnot part of the

story. This confusionmaypartially comefrom thefeedbackof light andsoundwhen

thechildrenwerein programmingmode. As thechildrentouchedthephysicalicons

with thewand,asoundwouldoccurandaglow light ontheiconwould turnon. Many

childrenwerequiteexcitedby thisandthoughtthis“wasthestory”. Perhapsby reduc-

ing the “excitement”of the feedback,that they maybemorelikely to seethis asone

stepin thestorytellingprocess.

In regardsto storytelling,I foundthatthechildrentold storiesin threeways:(1) com-
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Figure7.4: Frequency of children's rolesfor the last part of the session.Thereis a
smallbut signi�cant percentageof childrenwho showedpotentialas“programmers.”

pletelyverbalwith theuseof nopropsor physicalicons;(2) with theuseof someprops

suchasstuffedanimalsandverbaldescriptions;(3) with theuseof physicaliconsand

propsandverbaldescription.As Chart7.5summarizes,whenthechildrenwereasked

to tell a story, they mostfrequentlyjust verbally told a story1. Thechildrenfell back

into what they knew best. However, oncethe researcheraskedif they would like to

usethethingsin theroomto tell a story, they mostfrequentlyusedboth thephysical

iconsandthepropsto physicallyprogram.Surprisingly, it wasfar lessfrequentfor the

childrenjust to usetheprops.

1Experimentationwasnot includedsinceit wasnotconsidereda storytellingactivity.
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Figure7.5: Frequency of children'sactivity patternsfor the�nal partof thesession.A
largepercentageof theactivities (30%)appearto bestorytelling.
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Thekindsof storiesthechildrentold werevery similar to theIrenestory they heard.

In many casesonly oneor two elementswerechangedto makeit their own. However,

therewereinterestingadditionsto thestoriesthey told. For example,onechild incor-

poratedthephysicalicon lights asdecorationson a cottageprop. In herstoryshehad

the charactersask, “Who is there? Would you pleaseturn off the lights (oneof the

actuators)?I needto sleep.” Perhaps,hadtherebeenadditionalprops(outsideof the

onesusedfor the Irenestory) andmoretime to explore, moreoriginal storiesmight

have emerged.

7.8 LessonsLearned fr om this Exploratory Study

In understandingwhatI havelearnedwith children,let mereferbackto thethreeinitial

questions:(1) Canyoungchildrencomprehendwhata story is aboutin a physically

interactive environmentsuchasa StoryRoom?(2) Canthey useor participatein an

alreadycreatedstory in a StoryRoom? (3) Can they usephysicalprogrammingto

createa StoryRoom?

With regardsto the�rst question,I saw withoutadoubtthatchildrenages4-6,whohad

no experiencein designingmy technology, couldeasilycomprehendwhatthestoryis

about. I alsosaw with regardsto the secondquestion,that all of the childrencould

alsouseor participatein an alreadycreatedstory. Onceshown how to interactwith

thephysicalicons,they hadno troubleinteractingwith theStoryRoomexperience.I

wasalsopleasedto notethat the introductionof technologydid not get in theway of

thestorytellingexperience.

As for thethird questionconcerningphysicalprogramming,theanswersarelessclear

cut. I did seein eachsessiononeor morechildrenableto physicallyprogram.They
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understoodthat placingthe physicaliconson a prop aroundthe room eitheroffered

someinput or output. They alsounderstoodthat thephysicaliconshadrelationships

to eachotherbasedon how they wereprogrammed.In fact,out of the11 childrenthe

ATM workedwith only 3 childrencouldnot comprehendany aspectof this approach.

Thanksto a longersessionwith thelastgroup,I believethatif wehadspentmoretime

with eachgroup,morechildrenmight have beenableto accomplishhigherlevels of

physicalprogramming.But consideringtheshortperiodof time theadult teamspent

with thechildren,they wereableto accomplishmuchmorethanI initially expected.

It was not surprisingthat their main dif�culty was in understandingthe difference

betweenprogrammingandparticipationin analreadycreatedstory. At thisyoungage,

children's most commonform of storytelling is improvisationalstorytelling (many

timesreferredto as“play”) wherechildrenfreely move in andout of storytellingand

“storylistening” [2]. This may be the biggestchallengein supportingchildrenwith

physicalprogramming.Is therea way to naturallymove betweenprogrammingand

participating?Themagicwandshows a promisingdirection.

With regardsto lessonslearnedaboutthecooperativeinquiry methods,I believedthat

the mid-techor wizard-of-ozprototypeserved the teamwell. It went a long way in

simulatingthe full experienceof physicalprogramming.It offereda �e xible way of

exploring my ideaswith children,without having to spendmany moremonthsfully

developing the technologies.But, even thoughit was just a prototype,it had to be

extremelyrugged.On numerousoccasions,duringtheresearchsessionsat HCIL and

duringthestudy, whenthedevicesfailedto workasthechildrenexpected,they stopped

beingusersandbecamedebuggersof thetechnology.
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Chapter 8

A Usability Study of PhysicalProgramming

and Kinder garten Students

Encouragedby theresultsfrom theexploratorystudy, I andtheAdult TechnicalTeam

re�ned theStoryRoomandphysicalprogrammingprototypes,andconducteda longer

termstudy. As in theexploratorystudy, I focusedon thefollowing threequestions:

1. Canyoungchildren(4-6yearsold) comprehendwhata storyis aboutin a phys-

ically interactiveenvironmentsuchasaStoryRoom?

2. Canthey useor participatein analreadycreatedstoryin aStoryRoom?

3. Canthey usephysicalprogrammingto createa StoryRoom?

8.1 The Study Setting

Over a one-monthperiodin the fall of 2002,a new groupof 18 children(ages5-6)

usedthe StoryRoomandphysicalprogrammingtechnologiesin an initial empirical

study. Thechildrenwhoparticipatedin thisstudywereraciallyandethnicallydiverse,
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variedwidely in their academicability, andwerein the kindergartenprogramat the

CYC. Childrenworkedwith the StoryRoomtechnologyin the GreatRoom(a large

openspacein the middle of the CYC) with a teamof four adultsfor sessionsthat

lastedapproximately20minutes.Thepairswerediversein gender, race,andethnicity,

andremainedthesamethroughouttheresearch(table8.1).

Table8.1: Groupcompositionof theusabilitystudy.

Group Child A Child B
1 Girl Girl
2 Boy Boy
3 Boy Boy
4 Boy Girl
5 Girl Boy
6 Girl Boy
7 Girl Girl
8 Boy Boy
9 Boy Girl

8.1.1 The Ir eneStory

Becausethekindergartenchildrenin theexploratorystudyunderstoodtheIreneStory,

I usedthis story asthe basisfor teachingthis new groupof childrenthe conceptof

StoryRooms.I changedthe light in the �rst studyto a blinking arrow becausethe I

foundthatthearrow wasbetteratgettingchildren's attentionandwasthereforebetter

ableto directthe�o w of thestory. I alsoaddedtheWind physicaliconto the�nal part

of the story, becausethe IDT' s child designersthoughtits ability to makethemfeel

wind wasimportantin storymaking.

The slightly modi�ed “Irene Story” containeda cottagebuilt from cardboardsheets

and swatchesof felt fabric; a stuffed mouse;a stuffed koala bear; a cave that is a
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Figure8.1: Thecompletedsetupfor thestory. Thepropsincludethecabin,themouse,
the koalabear, andthe snakeinsidethe cave. The foot icon is a contactsensorthat
was programmedto trigger the blinking arrow by the mouse. The handicon was
programmedto triggerthesunicon (light) andthewind icon (fan).

cardboardboxwith aholein it; anda snakemadeout of foam.

A foot icon (touchsensor)wasplacednext to thecottage.A blinking arrow (actuator)

was placednext to the mouse. A handicon (touchsensor)wasplacednext to the

koalabearprop anda wind actuatorandlight actuatorwereplacednext to thecave.

To supportthestory, thefoot iconwaspre-programmed1 to triggertheblinking arrow,

andthehandto triggerboththewind andthelights (�gure 8.1).

1Thisprogramwascreatedby anadultusingphysicalprogramming.
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8.1.2 SessionStructur e

This studysharedthe samesessionstructureas in the exploratory study. The only

two differenceswerethat1) thechildrenhadsigni�cantly moretime to learnphysical

programming;and2) a selectgroupof the childrenhadthe opportunityto createa

StoryRoom,from storyinception,to propconstruction,to physicalprogramming,and

�nally to sharethestorywith their peers.

Hereis aquick reminderof thesessionactivities:

Childr enasAudience An adulttellsandperformstheIrenestoryto thechildren.

Childr enJoin Adults asStorytellers Thechildrenretell thestory, sothatthey getto

playwith thepropsandsqueezethephysicalicons.

Childr enasPhysical Programmers Children are shown how to programwith the

physicaliconsandareaskedto makeupa story.

Childr enasAudience

When children enter the Irene StoryRoom,they saw the icons and propsset up in

a semi-circlethat follow the chronologicalorderof the story. A researcherwasthe

narratorandshehelpedthemthroughtheenvironment.First, sheturnedon thestory

by �ipping the“once-upon-a-timelever.” Shethenledthechildrento thecottage,next

to which wasthefoot icon. Shebegan,“Thisstory is aboutIrene,a little girl who is

lost in thewoodsandcannot�nd herhouse. Ireneasksthepeoplein thecottageif they

knowwhere herhouseis, but they do not. Ireneseesa strangefoot andpusheson it.”

Theresearcheraskedthechildrento pressthefoot. This activatedtheblinking purple

arrow light next to a stuffed mouse.Thechildrenthensaw a blinking arrow pointing
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to themouse.Theresearchercontinued,“ IreneasksMr. Mouseif heknowswhere her

houseis. Mr. Mousesaysno,but that sheshouldaskMr. Koala.” Thechildrenranto

Mr. Koala,whohasthehandicon nearhim. Theresearchersays,“ IrenethenasksMr.

Koala if heknowswhere her houseis. Mr. Koala saysno,but that sheshouldaskMr.

Snakein thecave.” Thechildrenpressedonthehandicon,whichactivatedthefanand

light placedneara snakeprop in a cave. The childrenran over to thecave andwere

told by theadult,“ IreneasksMr. Snakeif heknowswhereherhouseis. Mr. Snakesays

yes,just turn aroundandgo tenfeetandthere it is.”

Childr enJoin Adults asStorytellers

A researcheraskedthechildrento retell thestory thatthey hadjust experienced.The

adultrefrainedfrom helpingthechildrenunlessit wasobviousthatthey either1) forgot

a partof thestory, 2) retold thestory incorrectly, 3) forgot to usean icon, or 4) were

confused.

Childr enasPhysical Programmers

An adultresearcherdemonstratedandaskedthechildrento repeattheprocessof pro-

grammingtheinteractionrulesfor aStoryRoom.Thisprocessconsistedof � vesteps.

1. Puton themagichatto entertheprogrammode.

2. Usethewandto createonerulethatincludedatleastoneactuatorandonesensor.

3. Takeoff themagichatto exit theprogrammode.

4. Turn on the“once-upon-a-timelever” to entertheplay modeandto review the

program.
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5. Turnoff the“once-upon-a-timelever” to endplaymode.

Again, theadultdid not makeany suggestionsto thechildrenunlessit wasclearthat

they wereconfusedor couldnotcontinuewithout help.

8.2 Data

Datafrom thesesessionswerecollectedby videotapingandtakingobservationalnotes.

To analyzethe data, the ATM developeda coding schemebasedon the data that

emergedfrom theraw artifacts.Two membersof ATM initially codedthetapes,after

which thecodeswerere�ned. Inter-raterreliability wasestablishedby having two of

theadult teammemberscode33%of thedata.Therewasonediscrepancy in coding

whichwasresolved,andoneteammembercontinuedto codetherestof thedata.

A scoringsystemwasdesignedto indicatethelevel of understandingthatthechildren

exhibitedduringthestudy(table8.2).

Table8.2: Thescoringsystemfor theusabilitystudy.

Score Explanation
2 A child performedor rememberedan activity independent

from adultassistance.
1 A child (A) is giventhis scoreunder3 conditions:1) A cor-

rectly performedor rememberedanactivity with help from
adult or the child's partner(B), 2) B intervenedand com-
pletedthetaskbeforeA couldattemptthetask,or 3) anadult
intervenedandcompletedthe task beforeA could attempt
thetask.

0 A child couldnotcompletetheactivity.
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8.2.1 Can Childr en Participate in an Alr eady Created Story-

Room?

The activity designedto answerthis questionprovided the children with their �rst

exposureto StoryRooms.An adult told childrena story usingthe IreneStoryRoom

andtheninvitedthechildrento retell thestory.

In analyzingthetapes,theATM �rst determinedif childrenwereengaged– that is, if

they listenedto and/orobserved thestorytellingresearcherfor a majority (morethan

50%) of the time while beingtold the Irenestory. The adultsalsodeterminedif the

childrenreactedwhensomething“magical” (e.g.,the fan andlight turning on when

thehandwaspushed)happened.

This analysisshowed that 100%of thechildrenwereableto participatefully in this

previouslycreatedStoryRoom.This laid thegroundworkfor thenext partof theactiv-

ity, in which thechildrenwereaskedto retell theIrenestoryto anew researcher.

Duringretelling,theATM lookedfor thechildren'sability to recallandretell themain

eventsof thestoryandto usetheStoryRoomelementsin orderto do so. Becausethe

childrenwerefunctioningasapair in thisactivity, pointsweregivenwhenat leastone

of thechildrendid a task.During thissection,datafrom onepair of childrenhadto be

eliminateddueto poorvideoquality.

Thescoringof theretellingphasewasbasedoneightactivities. A child couldscorea

maximumof 2 pointstowardseachactivity, for amaximumof 16points.Theactivities

wereseparatedinto 2 categories. The �rst involved telling thestory usingtheprops

(house,mouse,koalabear, cave). Thesecondcategoryinvolvedretellingthestorywith

thephysicaliconsandtools(“once-upon-a-time”lever on, foot, hand,“once-upon-a-

time” leveroff).
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Figure8.2: The numberof total points(out of 16) that eachpair scoredon retelling
theIrenestory. Therangeof scoresis from 7 – 14,showing thatchildrenwereableto
retell thestorywith varyingdegreesof adultsupport.

Fromthetheremaining8 pairs,I saw agreatervarianceof ability tousetheStoryRoom

on retelling thanon participating.Thechildrenscoredfrom 7 to 14 out of a possible

16points.It appearedthenthatall pairswereableto show someunderstandingof how

to usetheStoryRoomto retell a story (�gure 8.2). An analysisof thetwo frequency

charts(activitiesby iconsandby props)revealeda moreinterestingpicture. In �gure

8.3,mostof thechildrencouldretellastoryusingaprop.In �gure 8.4,ALMOST ALL

thechildrencorrectlyretold the storywith the icons. The unusuallylargepercentof

adulthelpfor theStoryOnandStoryOff activitiesweremostlydueto thechildrennot

rememberingto changeinto theplaymode.I hadexpectedthatthechildrencouldtell

storieswith propsandthat somecould involve theuseof icons. So it wasa pleasant

surpriseto seetheoverwhelmingnumberof storytellingwaswith physicalicons.
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Figure8.3: Frequency countof retellingby props.75%of theactivitieswerecorrectly
completed.
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Figure8.4: Frequency countof retellingby icons.Thelargenumberof adultassistance
duringStoryOnandStoryOff eventswerelikely becausethechildrenhadto enterand
exit theplaymode.
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It shouldbe notedthat adult prompting,suchas “What's next?” wasnot codedas

adult guidanceas it was not relatedspeci�cally to the children's ability to usethe

StoryRoom.More speci�c prompting,suchas“What do you do with thatfoot?” was

codedasadultguidanceasthispromptwasspeci�c to theuseof theStoryRoom.

8.2.2 Can Childr enProgram UsingPhysicalProgramming?

In orderto answerthisquestion,theadultsplaceda largepile of StoryRoomactuators

andsensorson the�oor alongwith the “once-upon-a-timelever” switch. Themagic

wandandthewizardhatwereplacedon a table. I beganthesessionsby showing the

physicalprogrammingtechniqueto thechildren.

Childrenweretheneachgiventheopportunityto de�ne interactionsfor aStoryRoom.

Becauseeachchild wasgiven a turn to de�ne theseinteractionson his or her own,

thecodingfor this activity wasdoneby individual ratherthanby pair. Onepair was

absent,so16childrenparticipatedin thisphase.

Again, videotapeof eachchild wasanalyzedto determineif he or shetook the � ve

necessarysteps(section8.1.2)to createaninteractionrule for a StoryRoom.

The ATM alsotried to determineif thechild understoodthe interactionrulesthathe

or shehadcreated.Becauseeverychild (A) wasworkingwith apeer(B) nearby, there

were times when B steppedin and completinga task beforeA had a chanceto do

so. In thatsituation,anh designationwasgivento A on thepartof theprogramming

completedby B. Any taskdesignatedh wasgiven a scoreof 1. Onetime an adult

steppedin to completea task. This wasdesignatedH. Thevideotapedid not capture

onechild's (pair 1, child b) Story Off activity. This activity wasgiven a scoreof 0.

Thereforechild 1b's total scorewasat least50%(table8.3).
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All childrenscoredbetween50%and90%on programming(�gure 8.5). Thesenum-

bersshowedthatmostof thechildrenwereableto programwith somedegreeof adult

guidance,andall hadsomeunderstandingof what to do in orderto control the inter-

actionsof sensorsandactuatorsin aStoryRoom.Inter-raterreliability wasestablished

for thecodingof this activity by having two adult researcherscompare25% of their

codeddata. Therewere no discrepancies;thereforeone teammember�nished the

coding.

Table8.3: Physicalprogrammingscores.

Activity 1A 1B 2A 2B 4A 4B 5A 5B 6A 6B 7A 7B 8A 8B 9A 9B
HatOn 2 1 1 2 2 2 1 2 2 2 2 2 2 2 2 2
Use
Wand

2 2 2 2 1 2 2 2 1 2 1 2 2 2 2 2

HatOff 1 1 1 1 2 2 2 1 1 1 2 1 1 1 2 1
Story
On

1 1 h 2 1 1 1 1 1 1 1 1 2 1 h 1

Story
Off

1 * 0 0 h h 1 H h h 1 1 2 1 1 1

Score/10 7 5 5 7 7 8 7 7 6 7 7 7 9 7 8 7

Analysisof thefrequency countof the5 programmingactivities ledmeto threeimpor-

tantobservations(�gure 8.6). First, an overwhelmingmajority of the childrencould

“becomewizards” without help. This may indicatethat they acceptedthe “magic”

metaphor. Second,morethan95% of the activities couldbe completed,whetherin-

dependentlyor with help. This level of successmight bedueto thesimplicity of the

individual activities. With theexceptionof the magicwand,the otherfour activities

weresinglestep,direct physicalmanipulationof realobjects. Third, the wide range

of usercompetence(50% to 90%) in chart8.5 could be partly explainedby the fre-

quency count:adultsoftenneededto supplyhintsto remindthechildrento negotiate
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Figure8.5: Percentageof possiblepointsthateachchild scoredon physicalprogram-
ming tasks.

the modal changes.

Both by direct observations2 andinspectionsof the interactionrulescapturedby the

StoryRoomapplication,I wasableto seethatdelineating two differ ent interaction

rules wasa particularly dif�cult conceptfor the childr en. Onecommonactionwas

to hold thebuttondown while they wavedthewandover differenticons.Anotherwas

to pushthebuttononcefor eachicon they wantedto includeinto aninteractionrule.

Therearetwo obviouschoicesto addressthis problem:1) �nd a differentinteraction,

or 2) �nd away to teachtheinteraction.I did notattemptthe�rst approach.However,

as the studyprogressedI began to pick up someof the children's own languageto

describethe interactions.WhenI usedthe“invisible wire” metaphor3.6.2to explain

2Thevideodatacouldnot reveal theuseof thenew-spellbutton becausewe did not have a way to

captureclose-upactivitiesof thehand.
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Figure8.6: Frequency countof programmingactivities.

whento usethenew-spellbutton, they appearedto understandtheconceptmoreeasily.

In addition to the confusionsthat stemmedfrom the recordandplay modes,I was

surprisedto seethatthephysicaliconsthemselveswerethecauseof unexpectedinter-

actionstoo. The iconswereall madeof foamandcoveredwith felt. This apparently

createdanaffordancethatchildrencouldnotresist:they wantedto squeezeeverything,

andnot justcontactsensors.While thechildrenwereableto learnthedifferentusesof

thephysicalicons,a bettersolutionwould be to work with thekindergartenchildren

to �nd betterrepresentationsthatcanclearlyindidateinputandoutputfeatures.
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8.2.3 Can the Childr en UsePhysical Programming to Createan

Original StoryRoom?

This questionnecessitateda muchmorein-depthapproachthantheprevioustwo. In

orderto createaStoryRoom,eachpairwouldhave to comeupwith a story, createthe

necessaryrelevantpropsout of commonart supplies,setup their story in the room,

andprogramthe interactions.TheATM decidedto only work with two pairsfor this

activity, but to work with thesepairsin an in-depthmanner. Becausetheearlierdata

showed thatalmostall of thechildrencouldprogramwith somedegreeof adultsup-

port, resultsfrom theretellingsectionof activity onewereanalyzedin orderto select

pairs for this casestudy. The two pairschosenwere the pairs with the highestand

lowestscoresonretellingtheIrenestory. In thisway, I hopedto betterunderstandthe

abilitiesof childrenateachendof thespectrumof StoryRoomsuse.

Becauseof the casestudy-likenatureof this task, the adultsobserved eachpair in

detail. To analyzethe children's storiesI asked� ve questionsaboutthe processof

creatingaStoryRoom.

1. Canthechildrencreatea storywith aplot, characters,andasetting?

2. Canthechildrenmakeappropriatepropsfor their story?

3. Canthechildrenprogramtheir StoryRoom?

4. Canthe childrenappropriatelyintegratethe StoryRoomstechnologyinto their

story?

5. Can the children play or retell the StoryRoomthey createdby telling a story

involving propsandaidedby theuseof theStoryRoomstechnology?
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8.2.4 CaseStudy One: Bobby and Dennis

The�rst pairchosenwasthehighestscoringpaironactivity one.Thesetwo Caucasian

boys,BobbyandDennis3, arebothage� ve. Thesechildrenbothcomefrom two-parent

homesandhave no siblings. It wasboth BobbyandDennis's third yearat theCYC.

They workedwith usfor four consecutivedaysfor approximately45minuteseachday

on thetaskof creatinga storyusingStoryRooms.

On the�rst day, BobbyandDenniscameup with a plot for their storywhich follows.

Thelettersin parenthesisshow whoconceivedeachpartof thestory. Italics indicatea

mentionof how physicalprogrammingdevicescouldbeintegratedinto thestory.

A little girl was combingher hair when the sink cameon all by itself

(Dennis).Sheknew herdogcouldhelpher�nd whatwaswrongwith the

sink (researcher).Thedog'snamewasRocket(researcher).Rocketdidn't

know whathappened(Dennis).We couldput thepurplearrow next to the

sinksoeverybodywill knowthat thesink is broken(Bobby). Therewasa

badghostin the sink (Dennis). The girl scaredthe ghostaway with the

mask(Dennis).Theghostranaway to acave (Bobby).

BobbyandDennisdecidedthatthey wouldneedabrush,aghost,adog,asink,acave,

anda maskaspropsfor their story (�gure 8.7). Using low-techart supplies,Bobby

andDennisworkedwith us to constructtheseprops. On the secondday, they used

their propsandStoryRoomsiconsto setup the story. Both Bobby andDenniswere

given a chanceto setup andprogramthestory. Eachchild hada differentway that

they wantedto arrangethepropsandicons. After comingto a consensus,they then

programmedthestoryandpracticedtelling it to us.

3All nameshave beenchangedto protecttheidentityof thechildren.

166



Figure8.7: Examplepropsin BobbyandDennis' story. Fromleft to right, theghost,
themaskfor scaringtheghostaway, Rocketthedog,thesink,andthecomb. Adjacent
to thesinkarethefoot andarrow icons.

On thethird andfourth days,BobbyandDennissetup their StoryRoomandtold the

story to selectedclassmatesandtheir teachers(�gure 8.8). Theclassmatesoftengot

involved in the StoryRoomby askingquestionsaboutthe story (e.g., “Once upona

time what?”) or by pushingiconsthemselves,andby participatingon the �oor with

BobbyandDennis.Theteachersremainedseatedin chairswhenlisteningto thestory,

but werequiteengagedwith theirstudents'work.

8.2.5 CaseStudy Two: Mary and Shelly

Mary andShellywerechosenso the ATM could understandthe potentialfor Story-

Roomswith a pair of children who scoredlower on the retelling. Both Mary and

Shellyarefemalesandare5 yearsold. Both Mary andShellycomefrom two-parent

homes.Mary is Chinese-AmericanandspeaksChineseat home,is bilingual,andhas

an older brother. It is her secondyearat the CYC. Shelly wasborn in Korea. She

moved to the U.S. with her parentsand her youngerbrotheronemonth beforethe

schoolyearbegan,andis in the processof learningEnglish. It is Shelly's �rst year

at the CYC. The ATM workedwith Mary andShelly for threeconsecutive daysfor
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Figure8.8: BobbyandDennissharetheir storywith classmates.

approximately45minuteseachday.

On the�rst day, Mary andShellyweregiventhesamepromptsasBobbyandDennis

andwere askedto comeup with a story that they could tell using the StoryRooms

technology. The story they chosewasa retellingof a story that they saw on Dragon

Tales, a popularanimatedtelevision show for childrenin theUnitedStates.Although

Mary andShellywereaskedseveraltimesto tell anoriginalstory, insteadthey wanted

to tell theDragonTalesstory. Hereis their story.

Max andEmmymovedto a new houseandthey founda magicwish in a drawer (M).

They madethewish cometrueby saying“I wish I wish with all my heartto �y with

dragonsin alandapart”(S).Thiswishtookthemto DragonLand(M). Therethey went

to DragonSchool(M). At thedragonschoolthey metlotsof dragonslike Zack,Weezie

andOrd(M). (Note: therewasnomentionof howphysicalprogrammingdevicescould

beintegratedinto thestory)

Mary andShellydecidedthatin orderto tell thisstory, thepropsthey wouldneedwere
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Max andEmmy's house,a drawer for a magicbox, the dragonschool,anddragons.

They then workedwith low-techart suppliesandwith the adults' help the children

madethedrawerwith themagicbox, thedragonschool,andsomedragons.

On day two, Mary andShelly weregiven their propsandaskedto programthe Sto-

ryRoom. Mary andShelly setup the propsand iconsaroundthe room, but in two

differentplaces:onefor the propsthat they madeandonefor theStoryRoomicons.

Therewasno apparentconnectionbetweenthepropgroupandthe icon group. Mary

�ipped theplaystoryswitchandexpectedtheiconsto work beforeeithersheor Shelly

programmedthem.Mary neededto bepromptedexplicitly by adultsto rememberthat

sheneededto programthe icons. Oneadultasked,“How areyou going to getmagic

in those(theicons)?”andanotherhummedthemusicthatplaysduringprogramming

beforeMary rememberedthatsheneededto usethehatandwandto program.When

Mary did usethewandto program,sheconnectedall of thesensorsandactuatorsin

onecommand,which meantthatpushingall of theactuatorsat onetime wouldcause

all of the sensorsto go off. In this situation,pushingonesensorwill not causeany

actuatorto go off. Mary did rememberto �ip theplay storyswitchin orderto testthe

icons,but did not realizethatshehadconnectedall of thesensorsto all of theactua-

tors. Shepushedon onesensorat a time expectingsomethingto happen.During this

time,Shellywasnotpayingattentionto theStoryRoomstask.

Whenshetried programmingagain,Mary connectedtwo hands,a foot, andtwo ar-

rows. At this point, anadultasked,“What do you do if you'redonewith thatspell?”

to promptMary to usethenew spell button to createa new command.At this point,

Mary put thehatandwandaway, endingtheprogrammingmode.Becauseof theman-

ner in which Mary connectedthe sensorsandactuators,shewould have to pushon

both handsandthe foot in orderto activateboth arrows. Shetried pushingthehand
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andthe foot andthentried just a hand. Thereforeit wasassumedthatMary did not

understandhow to “play” theStoryRoomshehadjust made.

Whenagainpromptedto usethepropsandiconstogether, Mary putanarrow pointing

to theschoolpropthatthechildrenmadebut alsoputanotherarrow pointingto a foot,

which is a StoryRoomicon andnot a prop. This is signi�cant becauseit shows that

Mary wasnotdistinguishingbetweenthefunctionsof propsandicons.

On daythree,Mary andShellyagainhadtroubleprogramming.Shellywasmoreen-

gagedon this day, but whenmagicwasmentioned,shepantomimedsprinklingmagic

duston the icons. Shealsosaid“abracadabra”whenusingthemagicwandwith the

icons,andsaidthatthiswasmakingthemwork. Mary andShellyspenttimeonthisday

repeatedlypicking up anddown the magichat,which turnsthe programmingmusic

on andoff, andturning the play story switch on andoff, which causedit to repeat-

edly say“once upona time” and“the end”. Shellyalsoappearedto enjoywhenthe

StoryRoomgave auditoryfeedback(suchas“yellow foot” whentheyellow foot was

pressed).Whenaskedagainto tell their story, the girls usedtheir propsbut not the

StoryRoomiconsto tell a DragonTalesstory, this time telling a differentstory than

theonethey hadplanned.

8.3 Analysis

Thetwo pairsof childrenin thecasestudyperformedverydifferentlyin theirattempts

to createStoryRooms.Both groupscreatedstorieswith plots andcreatedappropri-

atepropsthat suggesta settingandcharacters.However, the disparitiesbetweenthe

groupsbecameapparentwhenit cameto programmingandintegrating the technol-

ogy with their narratives. Bobby andDenniswere both able to createindependent
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interactionrules.Mary andShellywereunableto performthis task;instead,they pro-

grammedall of theactuatorsto go on at once.Furthermore,BobbyandDenniswere

ableto integratethe StoryRoomstechnologyinto their story. Mary andShelly were

not – they programmedthe iconsseparatelyfrom thestoryanddid not relatetheSto-

ryRoomsiconsto thepropsor eventsin their story. Finally, BobbyandDenniswere

ableto retell their storyto their peersandteachersusingtheStoryRoomstechnology.

Mary andShellydid notprogressthatfar in theirstorytellingexperience.

8.4 LessonsLearned fr om this Usability Study

Throughthisresearch,I learnedvaluableinformationthatwill helpto directmy future

work with StoryRooms.Childrenmayneedmorepromptingwhenusingphysicalpro-

grammingtechnologiessuchasStoryRooms.My experiencewith Mary andShelly

taughtme thatproviding morefeedbackduringphysicalprogrammingcanhelpchil-

drento bemoresuccessful.This couldbe supportedin futureversionsof theStory-

Roomtechnologies.For example,themagicwandcouldprovideanaudiblecuewhen

childrenare�nished with a spell or startinga new spell. In addition,the iconscould

visually show a child if shehadconnectediconstogether, or a new tool could allow

childrento seewhich iconshadconnectedin a physicalinteractioninstruction. On

theotherhand,thenovelty of theStoryRoomcansometimeshinderchildrenfrom us-

ing theStoryRoomfor its intendedpurposeof telling stories.For example,Mary and

Shellyspenta lot of timepickingupandputtingdown thewizardhatin orderto make

theambientmusicstartandstop.

I alsolearnedthat for childrento understand,predict,andcontrol the interactionsin

their environment,it may be necessaryto exposethe systemcomponents(i .e., give
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themsymbolicobjectsfor sensorandactuatortasks).However, Mary andShellyhad

challengesintegratingthesensorsandactuatorswith thepropsinto onephysicalstory.

This maybedueto their inability to abstractcertainprogrammingconcepts,but this

may alsohave to do with the systemcharacteristics.The iconsmay have beentoo

easilyidenti�able assayafoot orhand.SomechildrensuchasMary andShellytended

to focuson thosecharacteristics(as in, “I seea foot”) and forget that the item had

anotherpurpose,whichwasto beaninteractiveproxyfor aprop.I think in somecases,

this mayhave beendueto the relationshipbetweensensingdevicesandthephysical

environment.For instance,achild mayplacealargeiconnext to smallcottage,making

theicon morevisually importantthantheprop.

On theotherhand,exposingthe systemcomponentsmaynot have beenquiteasob-

vious asit neededto be in somecases.For instance,Mary just could not relatethe

new-spellbutton to the programmingactivity of creatinga new interactiongroup. I

believedthatthisbuttonwasperhapsnotanappropriatemetaphorfor morechallenged

children. Perhapsthevisualmetaphorsfor sensorsandactuatorsneedto becarefully

reconsidered.Sowhile I haverevisedthephysicalinterfacesmany times,furtherrevi-

sionto thissystemneedsto beaccomplished.

Anotherobstacleto considerfor childrenusingthesetechnologiesmayhave beenthe

system's ruggednessandreliability. Thereweretimesthat our currentRFID system

couldnot respondcorrectlyto children's naturalmovements(e.g.,heavy punchingof

sensors,constantrepetition). A lack of timely feedbackoften led to unpredictable

technologybehaviors, which we found could confusechildren quite quickly. This

studyfurthercon�rmed thatthesetechnologiesmustbeextremelyruggedand�e xible

for childrento control in waysthatarecognitively andphysicallyappropriate.

In summary, a tool for childrento controlubicompenvironmentsdemandsextremely
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reliable, rugged,and �e xible technologiesthey can control. In addition, a balance

needsto bestruckbetweenvisible concretemetaphorsfor thesetechnologiesandin-

tegratingthesetechnologiesinto theenvironmentfor storytelling.
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Chapter 9

Final Words

I haveshown thatphysicalprogrammingis asimpleanddirectwayfor childrento pro-

graminteractionsin a specialubiquitouscomputingenvironmentcalledStoryRooms.

While thedatashow thatnot all thechildrenwerecompletelycapableof thecreative

process(creatinga story)or theprogrammingprocess,thatsomechildrenweremore

thancompetentusersof thisapproachis extremelyencouraging.

I have also shown that the physicalprogramminglanguageand its resultantStory-

Roomsareequivalentto deterministic�nite automata.Moreover, I suggestedthatthe

singlemost importantimprovementto the languagewould be the additionof �nite

memory.

Thegoalof this dissertationwasto understandtherelationshipsamongchildren,ubi-

compenvironments,andcontrol. Thanksto my experiencewith StoryRooms,I can

now offer someinsightsaboutgeneralinteractive systems.First, whenchildrencan

placesensorsandactuatorsin their surroundings,the systemcanbetterconformits

behavior. Second,childrendo nothave to beconfusedby modalchanges,suchasbe-

tweenprogrammingandplayback,if they aregivenunambiguoussignalsby thesys-

tem(thewizard'shat).Third,extremelysimplephysicalinteractions(waving,pushing
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button),in conjunctionwith acompellingtool (magicwand)aresuf�cient for children

to indicateprogrammingintentions.

Thismeansthataubiquitouscomputingenvironmentfor childrenshouldcontainthese

features:

1. Sensorsandactuatorsthatcanbeattachedanywherein thespace.

2. Toolsandambientsignalsto unambiguouslyindicatemode.

3. Toolswith acompellingunderlyingmetaphorto createinteractionrules.

I have learnedthatchildrenCAN, withoutany adultassistance,controlthebehavior of

a ubiquitouscomputingenvironment.

9.1 Revisit the Questionson Control and Tools

Here are the answersthe questionsthat I �rst posedin the Introduction: What do

childrenneedto control the interactionsof a physicalinteractive environment(table

9.1).

Table9.1: Answersto controlandtools.

Question Answer
What kind of tools are
needed?

The tools should1) be concreteobjectsto
minimize abstractions,and 2) clearly de-
�ne andsetmodes.

What do the tools look
like?

They shouldutilize metaphorthat is child
appropriate(e.g.,magic).

How arethey used? The tools areoperatedby simplegestures
within themetaphor.
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Table9.1: Answersto controlandtools,continued.

Question Answer
Do the tools requirenew
interactionmodels?

Yes.Thetoolsrely on physicalsyntaxthat
arecombinationsof physicalgestureprim-
itives.

Can children in fact use
thetools?

Yes.Referto theUsability chapter(8)

Implicitly, the ability to
controlmayrequireapro-
grammingmodel. What
is thatmodel?

PhysicalprogrammingandPIE.

9.2 Limitations of the Research

AlthoughI waspleasedby my work on StoryRooms,physicalprogramming,andthe

resultsof the usability study, I believe the resultswould have beenmoreuseful if I

hadspentmorethanonemonthwith thechildrenat theCYC. It wasclearthatBobby

andDenniscognitively understoodtheprogrammingtoolsandtheconceptof a room

that canexpressstories. But I am moreconcernedaboutMary andShelly. Did the

two pairsrepresentthe boundaryconditionsof the cognitive abilities of six yearold

children, in termsof storytellingand programming?Or, did Mary and Shelly just

needmoretime. And all theotherchildrenin between,would they havealsobene�ted

from moretime learningaboutmy system?Theseareall questionsthatrequireamore

signi�cant investmentin timeandpersonnel.

Much of the early designson the physicalprogrammingtools andinteractionswere

inspiredby the7-11yearold designpartners.I did not have thechanceto performa

usabilityon THIS population.I wouldbeextremelyexcitedto seetheresultof sucha

study.
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Thepremiseof myresearchwasto understandtherelationshipbetweenyoungchildren

andubicompenvironments.I createda deliberatelynarrow storytellingenvironment

so that children could latch on to somethingfamiliar. The naturalfollow-up ques-

tion is whetherthesametangibletools(perhapswith a differentlook) andinteraction

metaphorscouldcarryover to any generalubicompenvironment.Onefuturedirection

might be to collaboratewith researchersof a well-establishedubicompenvironment,

perhapswith ties to universalaccessibilityanduniversalcontrol, enhancetheir de-

viceswith theminimumsoftwareandhardwarerequirementsof StoryRoom/physical

programming,andintroducetheIDT' s youngdesignersinto themix.

My work hasbeenconsistentlybeena tensionbetweenwhat I canmake(becauseof

hardwarelimitations)andwhat I shouldmake.SoamI imposinga solutiononto the

children,even thoughit maynot beoptimal? Thankfully, this is wherethemagicof

theIDT comesin. Becausethechildrenandtheadultsarein thedesignTOGETHER,

everyoneis awareof the issuesinvolved. So if a compromisehadto bemade,it was

with theagreementof theentireteam.

9.3 The Lab' s On-goingWork: HazardRoom

Soonafter I completedmy StoryRoomsproject,anothergraduatestudentembarked

on a projectto extendtheStoryRoomarchitecture.This project,HazardRoom,is be-

ing usedto teachchildrenaboutthemany hazardousmaterialsin their environment.

Unlike the StoryRoom,which is a free form creative environment,theHazardRoom

is intendedto be a constrainedcontent-basedlearningexperience.That is, the envi-

ronmentwould alreadybe setupto containthe knowledgethat teacherswould want

studentsto learn. The technologiesand conceptsfor this work is being developed
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today.

9.4 My Futur eWork

In the nearterm, my work would includethe realizationof the tools I mentionedin

Chapter9.4.1: Sound,Magic Lens,andCounter. I want to engagethe IDT to think

abouttheideaof memoryandwhatits symbolslook like in thephysicalenvironment.

I wouldlike to review thecurrentstateof technologyandseewhethersmallerversions

of thephysicalobjectscouldbebuilt.

9.4.1 Additional PhysicalProgramming Interfaces

In prior chaptersI describedthetoolsandiconsof thephysicalprogrammingsystem.

Conceptualprototypesweredevelopedfor severaltoolsto bothextendtheusabilityof

thesystemaswell asthepowerof thelanguage.

The SoundBoard

Recordednarrationandsoundeffectsarecritical elementsof StoryRooms.I designed

a prototypeof the Sound Board and the Sound Stick for children to easily record

soundsto enhancethestorytellingexperience.TheSoundBoardwasa colorful plat-

form with many differentcoloredpatches(SoundPatch) onthetop. Within eachpatch

wasa holeto hold theSoundStick (�gure 9.1). To recorda narrative,childrenwould

placetheSoundStick into a holeandspeakinto thestick. Thecolor patchassociated

with theholewould thenbecomethesymbolicholderof thesound.
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Figure9.1: A ConceptualSoundBoard. A SoundStick is currentlyplacedinsidea
SoundPatch.
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Figure 9.2: A ConceptualMagic Lens. A child can query the stateof an icon by
holdingthediskover it.

Here is a scenarioto betterillustrate the useof the SoundBoard. SupposeI want

to hearthewords,“I am happyyou arehere.” whensomeonepressesthe bluehand

physicalicon. I woulddo thefollowing:

1. Associatea SoundPatchto containthewords,“I amhappyyouarehere.”

2. Wearthewizard'shatto invoketheprogrammingmode.

3. Presson thenew-spellbuttonon themagicwandto begin anew rule.

4. Wave thewandover thebluehandphysicalicon.

5. Wave thewandover theSoundPatchusedin step1.

The Magic Lens

Programmingand debugging go hand-in-hand. The Magic Lens may be a direct

methodfor childrento getinformationaboutobjectswithin aStoryRoom(�gures 9.2,

9.3,and9.4).
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Figure9.3: Anotherconceptualmagiclens.This lensis in theclosedposition.

A Magic Lenscanbe extremelyuseful. For example,whenchildrenmove the lens

over an object, the lens tool combinesthe imagescapturedby the cameraand the

informationgatheredby theRFID readerto displaya compositedrawing of theobject

andits relationsto otherobjectsin theroom.

Clock, Timer, or Counter

Countingis anaturalelementof any PIE.It is usefulbecauseweoftenwantto control

devicesrelative to time. A physicalcounter, perhapsin theform of a clock, canoffer

a simpleapproachfor childrento includetime into physicalprogramming.

For example,after10seconds,turnonthelight iconandleave it onfor 15seconds.To

programthis rule, I would:

1. Wearthewizard'shatto invoketheprogrammingmode.
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Figure 9.4: The openposition of the magic lens in (�gure 9.3). The top third of
the assemblycontainsan RFID reader. The middle sectionmight hold a palm-sized
computerwith a screento displayrelevantinformation.Thebottomthird containsthe
power supply, communication,andmicrocontrollerunits. The sidefacing theobject
(not shown) wouldcontaina camera.

182



2. Presson thenew-spellbuttonon themagicwandto begin anew rule.

3. Wave thewandover theclock tool 10 times.

4. Wave thewandover thelight.

5. Wave thewandover theclock tool 15 times.

9.4.2 Collaboration Potentials

Thecurrentsuccessof physicalinterfacecomponentssuchasiStuff [7], Phidgets[42],

andX10 [118], andtheir lackof aphysicalprogramminginterfacemaybeanopportu-

nity. Herethe ideawouldbeto separatephysicalprogrammingfrom theStoryRooms

environment,andto allow physicalinteractionsto generaterulesfor theabovesystems.

9.4.3 Connectionto UniversalAccessibilityand UniversalControl

In thelongterm,I wouldlike to connectmy work to theuniversalcontrolanduniversal

accessareas.This couldopenup theopportunityof a physical,simpleto usedevice

for useby otherspecialneedspopulations(e. g.,seniorcitizens)to dictatetheirspecial

requirementsto theenvironment.
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