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Chapter 1

Intr oduction

1.1 The Riseof Ubiquitous Computing

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

experimentalSmartRirk systemequippedvith simplesensorandoverheadlisplays,



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

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

intricatelyintertwinedinto our daily lives.

1.2 Don't Forgetthe Childr en

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

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

puzzlingaswell! Wheredo we placeour handsto activatethe sensor?

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

ableto reachsensorandactvateembeddedievices[64].

Oneway to alleviate the frustrations,uncertaintiesand confusionsthat the ubiquity



Figurel.2: Sensordgriggerautomaticoilet ushing.

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

savvy appliancesthey areinevitably meantonly for adults.

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

allowsthemto controltechnologyin their own ways.



1.3 Ubiquitous Computing, Childr en,and Control

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

drenareintended(or moreseriously unintendedusers?

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

controlthe ubicompervironment.Thisincludesthefollowing questions:

1. Whatkind of toolsareneeded?

2. Whatdo thetoolslook like?

3. How arethey used?

4. Do thetoolsrequirenew interactionmodels?
5. Canchildrenin factusethetools?

6. Implicitly, theability to controlmayrequirea programmingnodel. Whatis that

model?

Beyondtools, we alsoneedto considerto whatextentyoungchildrencanunderstand

theconcepif acomputationallyenhancednteractve ervironment.

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

technology



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

expressesaind provokesa storytellingexperience

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

andthe ubicompernvironment.

1.4 Storiesand Childr en

Storytellingis penasie in children'slives.Fromtheir earliestmemoriesthey arelis-

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

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

partof thestorytellingexperience.

1.5 Storiesand Ubiquitous Computing

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

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

1Throughoutthis dissertation) will be usingfour termsto describephysicalervironmentswith

embeddedomputationatlevices. The termubiquitouscomputingervironmentfollows Mark Weisers



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

suggestedtoryRoonto give thereadera betterunderstanding:

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

mouths,andsunraysconnectedo thesehouses.

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

housedown!”

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

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

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

shipsbetweerchildrenandubicomp.



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

ervironments.

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

really works.

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

interactive environments.

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

toolsfor childrento controlmoregeneralizedibicompernvironments.



1.6 Why Technologyfor Childr en

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

insight.

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

lacking—Thatwith technologythingscanwork, break,andcanbe x ed’

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

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



createthe interactionrulesfor the story? It turnsout that programmingsystemsare

excellentcandidate$or thistask.

1.7 A ConceptualProgramming Tool

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

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

designedo betoolsfor adultsandnotfor children.

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

gesturego indicateprogrammingntentionsphysical programming [65]. Thisidea



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

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

ubiquitouscomputingervironment.

The introductionof the physicalprogrammingtechniqueinto the StoryRoomservi-

ronmentenableghildrento createtheir own interacte storieswithoutary adulthelp.

1.8 Contrib utions

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

thata well-designedgorogrammingmnetaphoicouldbea solution.

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

Human-ComputeinteractionLab:

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

erativeinquiry;,

| developeda ubiquitouscomputingframewvork, StoryRooms to study chil-

dren'sinteractionswith interactive environments;

10



| developeda setof tangibletools for childrento control device interactionsn

ubicompervironments;

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

StoryRooms.

1.9 Organization

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

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

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

takea stepbackandconsiderthe relationshipbetweenStoryRoomsandautomata.n

chapterten,| describesomeuserinterfacedesignghat,while notimplementedaspart

11



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

research.

1.10 De nitions and Abbreviations

In thisdissertation| will usethetermsandabbreviationslisted below.

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

ATM Adult TeamMember(s).

ATT Adult TechnicalTeam.Thiswastheteamof adultmembersvith technicalskills

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

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

researcthubfor theintergenerationatlesignteam.

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

by Allison Druin. | ledresearclsessionselatedto PETSandthe StoryRooms.

PETS PersonaElectronicTeller of Stories[66].

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

theadultscontributed.

12



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

putingervironment[65].
PIE Physicalinteractive Environment.

Entities Computationabbjectsandhumanuserswithin a ubiquitouscomputingsys-

tem.

StoryKit A constructiorkit of low-techandhigh-techelementdor childrento build

StoryRoomg2].

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

provokesa storytellingexperienceo the user{2].

Ubicomp UbiquitousComputing[112].

13



Chapter 2

Related Work

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

in uenced my work:

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

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

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

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

ments

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

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

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

expressvenesof PIESfor storytelling.

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

ing, andlocationtracking,andsoftwareinfrastructurg87, 1].

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

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

mustreferto computerbasedorograms.

2.1.1 Ubiquitous Computing

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

into our lives,they becomeeffectivelyinvisible:

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

well, they ceasdo beawareof it.” [112]

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

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

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

of afew centimeters.

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

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

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

guestionconcerninghesessuesnclude[9]:

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

4. How dol know the systemcorrectlyunderstandsny commandandis correctly

executingit?

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

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

5. Multiple simultaneousisers.

While theseissueshave beenwell studied(or are not relevant, for example, physi-
cal embodiedinteraction)in the GUI ervironment,researchargetedto ubicompis
just emeging. An exampleis input devicesdesignedor physicalspaces.The Peb-
blesproject[70] shavs how multiple usersemployingmultiple interactionrmodescan
control multiple available devices. iStuff [7] allows usersto easily connectphysical
userinterfaceinput/outputelementgo applicationsn theervironment.Phidgetd42],
like iStuff, is a physicalinterfaceconstructiorkit. X10 [118] is a homeautomation
protocolfor theuserto controlapplianceswheresignalstravel throughthe AC power
linesor RF channels.As far asl know, all of the above currentlyrely on the WIMP
interfaceto establishsensor/actuataelationshipsandhave notexpandedo usingthe

physicalobjectsthemselesto helpcreatetherelationships.

BecauseétoryRoomss aubiquitouscomputingsystemijt facesthesamegeneratech-
nical issuesas otherubicompenvironments. But someproblemsdirectly impactthe
StoryRoomfunctionality. For example,althoughthis wasnot anissuefor our usabil-
ity studieswith youngchildren,the lack of a high-precisioriocal positioningsystem

preventsthe StoryRoomfrom allowing more sophisticateghysicalgestureswhich
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might be usefulin enhancinghe physicalprogramminganguage On the otherhand,
theadwentof mary new physicalinputdevices,whencombinedwith carefulchildren-
centereddesign,couldfurtherenablethemto controlthe ervironments.Anotherlimit
in thecurrentStoryRoomis the dimensionf physicalicons,which arecurrentlystill
too large. On-goingefforts in this eld to miniaturizecomplex sensorsandactuators

will directly bene t my work.

2.1.2 AugmentedReality, Tangible and Graspable User Interfaces

Researchersf augmentedeality appendigital andcommunicatiorabilities onto ev-
erydayobjects. (A commonapproachis visual overlay of digital informationonto
real-world objects.) Userstake advantageof their familiarity with the naturalaffor-
dancesf physicalthings,suchaspaperanderaserto accomplisheverydaytasksas
well asdigital operations.Therearethreewaysto augmenteal objects: 1) augment
the users(wearablecomputing),2) augmenthe physicalobject,and 3) augmenthe
ervironmentsurroundinghe userandthe objects. Many augmentedeality and ubi-

compsystemsemploya combinationof thesethreeapproachefs7].

Augmentthe Users

The userwearsor carriesdevicesto sensevirtual informationaboutarti cial or real
objects. For example,whena userreadsa MagicBookthroughspecialstereoscopic
glassesdravings on the pagesrise into 3-dimensionakhapesandinvite further ex-
ploration[11]. Becausef thelarge physicalspacemary children,andunpredictable
movementswithin a StoryRoom,this approachwould not be appropriate. The eye-

wearwould bedif 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 embeddedlevice, whetherfor delugging
purposesluringprogramminger for revealingmysterynotesduringplay mode.Some

museunself-guideddevicesshow thisto beapromisingapproache. g. [115]).

Augmentthe Physical Object

In this approachphysicalobjectsaremodi ed by the embeddingf input, outputand
computationadevices on or within it. In StoryRoomg?2], childrenappendsensors
andactuatorgembeddeadvithin physicalicons)ontolow-techprops. Theiconscon-
cretelyindicatethe props' augmentedeatures,andallow childrento quickly create
interactve ervironmentsby combiningsimple materialswith high-techdevices. The
DataTiles system[84] usesphysicalsee-througtiles, embeddedvith RFID tags,to
storevirtual datasuchasbasebaltardcollectionandweathemmaps.This is anexcel-
lent interface,but unrealisticfor the StoryRoomapplication,as eachphysicalobject
mustcontaina displayscreenTheListenReadel[6] augmentsrealchildren's story-
bookwith ambientmusicandsoundeffects,sothatchildrencanenjoythe physicality
of thebookaswell asmanipulatemusicby moving their handsover the surfaceof the
pages StoryRoomcanbethoughtof asaroom-sizedrersionof the Listen Readerbut
with the additionalpower of allowing the userto createnew “storybooks’ TICLE, a
vision basedsystemencouragegearningaboutgeometryfrom playing with physical
Tangrampuzzles[89]. Becauset requirescomputervision anda stationarydesktop,

its interfacesareinappropriatdor StoryRooms.
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Augmentthe Environment

In the nal approachneitherthe usernor the objectis affecteddirectly. Instead,in-
dependentlevicesprovide andcollectinformationfrom the surroundingervironment,
displayinginformationonto objectsand capturinginformationaboutthe users inter-
actionswith them. The KidsRoom[13] relies on a vision-basedracking systemto
monitor children’s locationsand their body gestureswhile sensoryoutputs,in the
forms of soundsand projectedimages,provide feedback. Hand gesturesemaina

popularinputapproache. g.,[72, 86]).

Thisis a dif cult modelfor the StoryRoom.First, it is dif cult to interpretimprecise
sensodataandcorrectlyinfer userintentions.Secondthe underlyingtechnologycan
beexpensve, dif cult to setup, or sensitve to ervironmentalconditions(suchaslight,

line-of-sight,sound).

Tangible and GraspableInterfaces

Physicalobjectscanbe closely coupledwith digital datastructures.This connection
is eithercalledtangiblebits [50] or graspablauserinterfaceq33]; andit extendsdi-
rect manipulation94] to real objects,suchthatoperationson physicalthingsmodify
digital data.Environmentghatsupporttangibleuserinterfaceggenerallyrequirethree
components:1) interactve surfaces2) coupling of virtual databits with graspable

physicalobjects,and3) backgroundwarenes$50].

The usefulnesf this interfacetechniquesuggestghe viability of a physical ap-
proachto programming. For example, The AutoHan project and its MediaCubes
tangibleprogrammingapproachdemonstrat@n intriguing systemfor controllingthe

homeervironment[12]. Although not strictly a ubicompsystem,TellTale, a phys-
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ical worm whose body segmentscan record and play back children’s oral stories
[5], demonstratea physicalapproacho storytelling. Physicallyconnectablélocks
arepopularinterfacedor systemghatteachprogrammingconceptgo children(e.qg.,
[103, 116 61]). But while the physicalconnectionsepresenprogramsthesesystems
generallysupportscienti ¢ discovery, andnot storytelling. A usefultool to program
StoryRoomswvould be a combinationof the programmingstrengthf the blockswith

thestorytellingfocusof theworm.

2.2 Programming Systemsfor Novice Users

Programmings an actof communication.Whenwe expressourseles,whetherto a
machineor to a human,our languagecanrangefrom the concrete suchas pictorial
representationsf real objects,to the abstract,suchas the Englishlanguage. The
languageamay eveninvolve gesturesuchasin AmericanSignLanguagelt shouldbe
apparenthatnotonesinglecommunicatiorchannels appropriatéor everyoneandfor
all occasionsBecausd aminterestedn alanguagehatis suitablefor youngchildren
(earlyelementaryschoolandkindemgartenstudentsjo controldeviceswithin ubicomp
ervironmentsthe communicatiormodelneedgo be non-textual, minimally abstract,
andneedgo supportphysicalactiity. The languageneedso be non-tectual because
mary kindemgartenersare pre-literate. It shouldnot requireabstractdeas,sincethat
ability appeardo arrive laterin a child's cognitive development[78]. Finally, the
languageshouldsupportphysicalactiity dueto youngchildren's needfor physical

movement.
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2.2.1 Non-textual language

Visualcommunicatioris basic.
However, without well-de ned interpretve procedures,

they areusuallyambiguoug105].

Pictures(without text) cansene in awide variety of applications.Symbolson high-
way signs, Olympic sport gurines and more are socially acceptedand caninvoke
universallyagreeduponinterpretationsn thereader For example,iconsin the WIMP
userinterfacesignify theunderlyingdatastructuresstoredinsidea computer An icon
of afolder onthe computerscreercouldevokethefunctionality of arealfolderinside

your of ce drawer: to hold things.

Picturescanbe easyto understandput alanguageof pictures is limited. First, these
languageslo notscaleup, becaus¢hey donotincludesyntacticrules. Secondimages
cannotrepreseneverything. Someideasareinherentlyabstractandit is dif cult to
(without meta-reasoningules)corvey themadequatelyHereis anexample: Whatis

apicturethatcommunicate8yesterday?”

By combiningpicturesandrulesfor draving them,a pictorial languagebecomedar
moreexpressve. The Elephants Memory[49] is onenotableexample. It hasonly a
small setof aboutone-hundredtombinablée‘signs, or logograms. Despitethe small
numberof primitives,it cangeneratenorethanjustconcretadeas.By variouscombi-
nationsandrelative positionsof the symbols,theresultantpicturescanrepresenand

corvey highly abstracideas.

1Here| meanthe picturesandimagessuchasthosein Modley's Handbookof Pictorial Symbols
[63]. | do notinclude“squiggles”thatarestrictly includedassyntaxto affecttheinterpretationof the

pictures.
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Languagedoesnot have to involve imprints on two dimensionalsurfaces.Physical
gesturehave beena form of humancommunicationin mary cultures(for example,
AmericanSignLanguaggASL]). Signlanguagecanbeasrich asary written natural
languagesSigningis fascinatingto watch. At once,you might obsere a gesturehat
immediatelyremindsyou of a notion (for theidea“monster” you raiseyour armsand
actlike amonster)thenyou areseeinghe“spelling” of aword (if thelanguagéhasan
underlyingtextual language)pr you seea motionthatis purelysymbolic(e.qg.,“fam-
ily,” “father,” and“grandfather”in ASL). Physicalgesturesanbe highly expressve,

visually understandabl@ndeasyto perform.

Theseobsenationssuggesthe following. First, a small set of pictures,combined
with learnablesyntacticrules, canbe highly expressve. Secondthe picturescanbe
physical,asin physicalicons. Third, physicalgestureganbethesyntacticoperatorgo
the physicalicons. Interestingly the physicalprogrammingapproachn StoryRooms
[65], aresultof severalyearsof developmentith youngchildren,sharemary of these

qualities.

2.2.2 Visual Programming Models

| have just suggestedhat physicaliconsandphysicalsyntaxcanbe a language Now
letmetakea stepbackandlook attherelationshipoetweerpicturesandprogramming.

Thisis generallyreferredto asvisualprogramming.

No uniformde nition existsfor theterm“VisualProgramming. Myersdescribest as

“...ary systemthat allows the userto specify a programin a two- (or
more)-dimensionafashion. . cornventionaltextual languagesrenotcon-

sideredtwo-dimensionakincethe compilersor interpretergprocesshem
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aslong, one-dimensionadtreams. [69]

Shude nesvisualprogrammindanguage$VPL) aslanguageshatuse

“somevisualrepresentation@n additionto or in placeof wordsandnum-
bers)to accomplishwhat would otherwisehave to be written in a tradi-
tional one-dimensiongbrogramminganguage..thelanguagetself must
employ somemeaningful... visual expressionsas a meansof program-

ming’ [95]

Burnettandotherswrote,

“Visual programminglanguagedet the programmeirsketch,point at, or
demonstratedatarelationshipsor transformationsyatherthan translate

theminto sequencesf commandspointersandabstracsymbols: [19]

Thesede nitions have two ideasin common: 1) the syntaxof a VPL shouldcontain
elementghatcanonly be expressedhroughmultiple dimensionsand?2) the program

is expressedn avisualway, andnotonly astext.

Similarly, a physicalprogrammindanguageshouldcontainelementghatcanonly be
expressedhroughgestureqanalogougo actionssuchas sketchingand pointing on
a desktopcomputer)in the physicalspace,andthatthe programcanbe createdand

experiencedn aphysicalway.

Greens classi cation [38] of visual programminglanguagesds succinctand often

citec. They are: 1) o wecharts,2) data- ow, 3) visual production,4) logic-based,

2Therearemary taxonomiedor visual programminganguagesindervironments.A recentsuney

on programmingervironmentsandlanguagegor novice programmerss by KelleherandPausch52].
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and5) spreadsheetin the next sectionis a summaryof the differentprogramming

models.

Control- ow, or Flowcharts

Visual programmingoeganwith attemptso make o wchartsexecutablethis wasled
by the beliefthat o wchartsareusefulteachingoolsfor trainingnovice programmers
[38]. But, theintroductionof new classef users,suchasworkers,tinkersandpro-
grammerg71], requiresdifferentlevels of programmingskills, and o wcharting,a
conceptuabkbstractiorbecameanappropriatefor some. Furthermorethis modelde-
clined in popularity especiallywhena controlledexperimentshaved that graphical
representationgvere not betterthantext [20]. One of the earliestand most endur
ing criticism of visual programmindanguageswhich stemsfrom the o wchartbased
systemsjs the scaling-upproblem[19]. Thatis, for small problems, o w chartsad-
equatelyrepresentegrogramsput they quickly becomea jumbled messwith anin-
creasen the programsize. An interestingexampleis the “static representationprob-
lem[19]. Theextradimensionsn visuallanguagesansupportdynamicactuvities (e.
g., programming-by-demonsition). But asthe visual programgrows, the actiities

couldoverlapandcauseconfusions.

Data- ow

In thismodel,datatravelsfrom inputnodesto operatorsandleave from outputnodes.
An operatorexecutesassoonasall its input nodeshave been lled. Graphicalrepre-
sentationof o w of control, suchasiteration,is dif cult. Commercialproductssuch

asLabVIEW andPrographboth offer differentgraphicalsyntaxesto addresghis is-

26



sue. Someresearchave shavn that data- ow basedanguagesre betterfor novice

programmer$4, 44], But othersdoubtthis claim[73].

Visual Production Systems

Thesearesimilar to textual productionsystems.The productionsareruleswith a left
side“picture” andaright side“picture” Whena situationoccursin the visualworld,
andthesituationmatchedheleft side,thentherule res andtheworld is redravn and

transformsnto the scenariadictatedby theright side.KidSim? is oneexample[21].

Constraint, or Logic-Based

One commonconstraintoperationin text-basededitorsis search-and-replaceThat
is, nd all occurrencef “bat” and replacethem with “cat” CHIMERA [53], a
2D object-basedllustration system,shavs how this featurecan be implementedn
a higherdimensionervironment. So, oneexamplemaybe,” nd all squareghatare
blue,andreplacetheir colorto brightred” The queryconstraintcanbe ona similar-
ity metric basedon location, shapeandgraphicalpropertiessuchasline width, and
color. ToonTalk [51], shaws a solutionto the relatedproblemof generalization.In
this system,generalizatioris accomplishedy the removal of constraintsn default

computations.

Spreadsheet

The commonspreadsheetupportsmary of the qualitiesof anideal visual program-

ming language For example,actuities within its cellsarebasedn data- ow, and,the

3This productis now calledStageCasCreator
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worksheesupportgirectmanipulation.

2.2.3 Novice User Programming Systems

Most prior work on novice userprogrammingsystemshave beenfocusedon the tra-
ditional desktopcomputermodel (see[52] for a surwey of novice programmingen-
vironments). Paperts mechanicalurtle [75], the Curlybot [35], AlgoBlock [103],
ElectronicBlocks [117], and Tim McNerng/'s Tangible ComputationBricks [61] ,
are few rare examplesof programmingsystemshatincorporatetangible manipula-
tion of real physicalobjects. Despitethe difference(2 dimensionalscreenversus3
dimensionaphysicalspace)researchn visualprogrammindanguagesn particular
programming-with-gamplesystemsgcanoffer usefulinsightsinto physicalprogram-

mingissues.

If traditionaltext basedprogramminglanguageshave beenpowerful and useful for
creatingtechnology why tinker with a good thing, and devise new programming
metaphors?The motivationsfor the researctbehindVPLs is the belief that “a pic-
ture is worth a thousandwords] or that extra dimensionscan expressmore clearly,
concisely andeasilythe semanticof aprogram[19]. Datacanberepresenteth two
ways,analogicabndFregean(symbolic).For example apictureof abicycleis anana-
logical representationf the bicycle object. Whereaghe word bicycleis its Fregean
representatiof@6]. Conceptsuchasyesterdayor hungry have no analogicakepre-

sentationandmustbe representetly symbols.

Researchensave alsoknown for along time thatprogrammings notanintuitive skill,
andthatagoodvisual programminganguagecanbe an effective pedagogicalool, so

that computersciencestudentscanlearnthe art of computingmore easily A good
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VPL shouldbe easyto write, easyto understandeasyto dehug, easyto learn,and
easyto maintain. Programmindanguageganbe dif cult alsobecausef the blank-
carvassyndome Textual programminganguagesre abstracthon-interactve, and
Fregean."What is neededs a lightweight,non-threateningnediumlike thebackof a

napkin,whereinonecansketchandplay with ideas”[97].

Theseareambitiousgoals.Indeed VPL is notwithoutits detractorge.g.,[15]). More-

over, evenwithin the VPL community thereis asyet no de niti ve empiricalresearch
that shawvs that VPL is betterthantext basedprogramminganguages.(A program-
ming tool thatis more closely constructedo solve problemswithin a domainspace
is just morelikely to perform betterthanthat tool which is not [39]). However, it

is clearthat programmingsystemdor pre-literatechildren: 1) requirenon-text based
interactions,and 2) needto minimize abstractiondy providing concreteand direct
manipulationof programelements. Physicalprogrammingis not necessarilybetter

thanotherapproachedyut it maybemoreappropriatdor theyoungerpopulation.

2.2.4 Programming with Example and Programming by Example

Theconcepbf examplebasedprogrammingpr programmingoy example(PBE),was
rst introducedin Pygmalion[97]. A subsef visuallanguagesthesesystemshave
the clearly de ned goal of providing enduserprogramming.Allen Cypherexplains,
“...thesetechniquesieednot be programmingper se: ratherthey needto achieve ef-
fectsthatcancurrentlyonly beachiezed throughprogramming. In hisview, enduser
programmingcanbe: preferencescriptinglanguagesmacrorecordey andprogram-
ming by demonstrationMyersmakesadistinctionbetweerprogramming-by-gample

(PBE) andprogramming-with-gample(PWE)[69]. In theformercase the challenge
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is for thesystento infer theusersintent, by observingheractuities. For example the
programmemight wantto demonstrat@ concreteexamplein orderfor the systemto
createabstraction$53]. Thisis calledthe generalizatiorproblem.In thesecondcase,
the programmerspeci cally dictatesto the systemher intentsfor future reuse. This

may alsobethoughtof asprogrammingwithin the userinterface.

Two well known PWE systemsfor children are KidSim/StageCastCreator and
ToonTalk. KidSim allows the programmetto de ne visual productionrules,through
comicstrip like pictureframes[21]. In ToonTalk [51], computationahbstractiongre
replacedby concreteandfamiliar objects.A ToonTalk programis a city thatcontains
houses Birds y betweernhousedo transportmessagesHousescontainrobotsthat
canbetrainedto accomplistsmalltasks.To programa robot,the programmeenters
into its thoughtbubbleto show it whatto do. Thesewo languagedl avoidin thepro-

gramminglanguagespectrum.They offer childrenwaysto explorein microworlds.

The StoryRoomlanguagés a programming-with-gamplesystem.Thereis clearad-
vantageto de ning interactionrulesof objectsin a 3-dimensionakpacewhile being
insidethe samedimension.For example,it is clearerthatphysicalactionsin theroom
can have direct physicalimplications. Contrastthis with keyboardactionshaving a
symboliclink into 3-dimensionabbjectsresidingin 3-dimensionakpace. This ab-

stractionmaybedif cult for children.

2.2.5 Programming by Tangible Interactions

Little prior work exists on physicalprogramming. Paperts mechanicatlturtle [75]
helpedchildren learn programmingin LOGO. More recently Curlybot [35] is an-

otherrobotthat encouragetearningmathematicatonceptdrom physicalplay. In a
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modi ed versionof PETS[28], childrenwith physicaldisabilitiesgeneratghysical
movementsfor the robot to rememberand reenact81]. Physicalblocks are popu-
lar tangibleinterfaceelements McNerng/'s TangibleComputatiorBricks [61] allow
programmerso manipulateandconneciphysicalactionblocksthatcanreactto sensor
inputs.AlgoBlock [103], aneducationatool for olderelementaryo junior highschool
studentsis a collectionof physicalblocks,eachof which represent& commandn a
LOGO-like language.The outputof the programis still revealedon a displayscreen.
EletronicBlocks' [117] arespecialpurposesensaoraction,andlogic stackableblocks
for preschookhildren. Thesesystemscontrolthe behaior of the tangibledevicesin
their ervironment. A shortcomingof theseblocks-basedystemss thatthey areall
aboutthe blocksthemseles. In contrast,StoryRoomobjectsbridge the interactions

betweerthe humanandthe physicalervironment[2, 65].

2.2.6 The ScalingUp Problem

Visuallanguagesrenotimmuneto the scalingup problem[19]. This discipline suf-
fersin two ways. Ideal visual languagesllow programmergo point at, sketch,or
demonstratelatarelationshipsor transformationstatherthantranslatetheminto se-
guencef commands. Thesedifferentways of expressingprogramsyntaxand se-
manticslie atthe heartof thefundamentaproblemof visual programmindanguages:
attemptsto makethemusablefor large scaleproblemsoften requirethe reintroduc-
tion of the compleities thatthey were supposedo simplify. This is the scalingup
problem.Thesecondscaling-upproblemis thelimited domainin which currentvisual
languagedave beensuccessfullyapplied. Researcherarelooking for waysto make

VPL generapurposge.g.,[51]).
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At this time, physicalprogrammingappeargo suffer from the scalingup problemas
well. As | will shav in 6.1, physicalprogrammings usedto createtransitionrulesof
a statemachine. The complity of the statemachinegrows rapidly with the size of
its alphabetindsetof states.This meanghatthe numberof transitionrulescamgrow

rapidly too.
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2.3 Technologyfor Learners

| hear andl forget.
| see,andl remember

| do,andl understand.

—Confucius

Childrenlearnby playing with blocks, draving on paper andbuilding make-belige
worlds. WhenFriedrichFroebeldevelopedthe kindemgartenin the 1830s,hebegana
traditionof teachingthatencourageself-learningdiscovery, andpersonakxpression
[16]. Froebelsteachingmaterial(gifts), objectssuchaswoodenblocksof crystalline
structurespalls, strings,and sticks, were play thingsfor childrento explore shapes,
symmetriesand other mathematicatoncepts.This learningphilosophyis alsosup-
portedby the constructvist theoriesof JeanPiagetand Paperts theoryof “Construc-
tionism? Papertassertghat learningis an active processjn which peopleactively
constructknowledgefrom their experiencesn the world [76]. This processof con-
structingone’s personalmentalstructureis called “Piagetianlearning” [75]. People
don't getideas;they makethem. Furthermore the most effective learningoccurs
whenthey constructobjectsthat help makesenseof their internalmentalmodelsof
theworld. JeromeBruneroffersa similar perspeciie, thatpeoplethink in threeways:
1) enactve, doingthingsto think; 2) iconic, thinking with pictures;and3) symbolic,

thinking with abstracsymbols[18].

With few exceptions,computationatechnologyintroducedinto classroomsparticu-
larly in kindegartensand elementaryschools,have not beencompletelysuccessful

in encouraginghis type of active exploration, self-learning,andcollaboration[106].
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In large part, dueto the constraintsof their mice andkeyboards,whencoupledwith

poorly designedsoftware canactuallyinhibit Piagetiarlearning.

Recognizingboth children's innateabilities and the potentialafforded by new tech-
nology, researcherbeganlooking for waysto developnen computationallyenhanced
ervironmentsto encourageself-learning.In particulay Seymour Papertand Mitchell
Resnick,at MIT, in uenced by JeanPiaget,becameproponentsof “computational
objectsto think with” [75, 85]. Learnergely onpersonallyidenti able objectsto gen-
eratesdeasandmakesensef them,in theirminds. A systenthatcanbeindividually
moldedinto meaningfulobjectsenableshildrento learnfrom the constructiorof their
personabbjects-to-think-withSomeof the moresuccessfusystemsncludethe Logo
programmindanguagd75] andLEGO's MindstormsRoboticlnventionSystem59].

Theseareprogrammingsystemshatencouragehildrento learnscienti ¢ concepts.

Next to thesesystemghat supportscienti ¢ inquiry are storytellingtechnology Sto-
ries presere our culturesandhistories,enableusto communicateur ideasandfeel-
ings, and educateearnersof all ages[17, 37, 74]. With this understandingmary
researcherbave beendeveloping systemdor childrento explore novel storytelling
approachesTheseinclude SAGE (StorytellerAgent GeneratiorErnvironment[107],
PETS(PersonaElectronic Teller of Stories)[28], and Microsoft's Actimate Barney
[100]. At the University of Maryland,| developedthe StoryRoomandphysicalpro-
grammingsystemdor childrento constructroom-sizedphysicalstorytellingenviron-
ments[2, 65]. Unlike other storytelling systems,StoryRoomexplicitly encourages
childrento constructheir personaphysicalobjects,usingcommonmaterialssuchas

paper crayon,box, andtape,aspartof the storytellingexperience.

Most constructiorkits arevirtual programmingervironmentsor childrento construct

microworlds [21, 75]. Thesevirtual worlds have also beenusedas testbeddor re-
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searchers$o probethe extentto which six to eightyearold childrenunderstangro-
grammingandrules(e.g.,[48]). PETS[28], StoryRoomg2], and TellTale [5] area
few systemghat encouragehildrento manipulateor usephysicalobjectsas part of

thestorytellingexperience.

2.4 Participatory Design,Methodsand Processes

Thedesignprocesss inherently uid anddynamic,andsinceno formalmethodsexist
thatguaranteénsightsor breakthroughsa practicethatencouragesollaborationand
the spontaneousuthurstsof creatvity canaffect the quality of the work place. This
designpracticeis calledcoopeantive designin Scandingia (e.g.,[101]), participatory
designin the United Stateg(e.g.,[40]), andconsensugpatrticipationin England[68].
They sharethe commonbelief that userparticipationis necessaryo createtechnol-
ogy that attendsto the idiosyncrasie®f differentwork ervironments. Furthermore,
whereasin the pasttherewas a gulf betweenthe “know” andthe “know-nots, or,
technologists/ersususers,theseresearcherbelieved that usersneededo fully and

actively engagedn the processandnot beregardedastokenparticipantd41].

Researclon therelationshipbetweenchildrenandtechnologyhadbeensporadicand
appearedn relatedbut distinct disciplines. Educatorsand child psychologistdis-
cussthe learningimpactsfrom interactionsbetweenchildren and technology(e.g.,
[75, 102]). In the HCI community the rst publicationrelatedto children’s issues
was Tom Malone's study of gamesfor children[58]. Children andtechnologybe-
cameasigni cant researchopicin theearly1990s(e.g.,[77, 99]). At the sametime,
children'srolesin the designprocessvereidenti ed asuser informant[88], andde-

signpartnerf23, 24]. Elementary-school-ageddudenthave beenthe subjectof mary
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of thesestudies. Researcherat the University of Maryland have alsoworkedwith
kindemgartenerasdesignerandasinformants[32, 64]. In the chapterthatfollows |

will discusghesemethodsandtheir context.
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Chapter 3

Cooperative Inquiry: A Participatory Design

Framework for Collaborating with Childr en

Whenpeoplediscussthe designprocesseshey oftenrefer solely to the endproduct
of that processthe technology For me, my designgoal wasa new kind of educa-
tionaltechnologyonethatincorporatednary differentconstructve andcollaboratve
learningexperiences.| am alsointerestedn the developmentprocessandthe learn-
ing experiencethat camefrom building and studyingtechnology Many researchers
have referredto this type of learningasthe outcomesf coopeative or participatory
designprocesg31, 40, 68]. Educatorg55] have alsocall it acommunityof practice.
Druin describedhis as”... a communityof peoplewith differentskills thatlearnas
they work towardsharedgoals[23].” At the University of Maryland,we developeda
methodologythat embraceghis closecollaborationbetweenchildrenandadults,co-
operatie inquiry [23, 24]. To bestunderstandiow my dissertatiorresearclevolved,

onemustunderstanany experiencesn thedesignteamof childrenandadults.

| workedwith two groupsof children: elementaryschoolagedstudentsrom seven

to eleven yearsold, and kindemgartenstudenty4-6 yearsold). Although they were
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closein age,my approactto working with the two groupswasquite different. There
weremary differencedetweenthe two agegroups. Somewereobvious, suchasthe
fact that mostkindegartenchildren were pre-literate. Other differencesvere more
subtle. For example,if a kindemgarteneproposesa goodidea,thenmagicallyevery
studentalsowould have the sameonetoo. This wasnot true for the older children,
who took pridein creatingnovel ideas.In the sectionghatfollow, | will describethe
compositionof the intergenerationateam| workedwith. Then, | will describemy
rolesin the group. | will alsopresentsomecommonquestionsaboutthe IDT and
its designapproach. Then| will describespeci c actwities thatl have found to be

effective for working with the primaryschoolandthe kindergartenchildren.

3.1 The Collaboration BetweenChildr en
and Reseachers: An Inter generational

DesignTeam

Our researchteam, the intergenerationabesignteam(IDT), hasalwayshad at least
twelve membersBetweersix to eightmembersverebetweersesenandelevenyears
of age,andcamefrom local (public andprivate)elementaryschools. Thesechildren
stayedwith theteamfor an extendedterm, for anaverageof 2 yearsto asmuchas5
years. The adultswere undegraduatestudentsgraduatestudentsandfaculty, from
diversedisciplinessuchas art, education,engineering,and computerscience. We
shareda commongoal: to understandvhy childrenwereinterestedn andwishedto
play with new andexisting technologiesThis investigatiorled usto developavariety

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

3.2 My Rolein the Inter generationalDesignTeam

| wasa memberof the intergenerationablesignteamever sinceits inceptionat the
Human-ComputemteractionLab, in 1998. My role of beinga designpartner has
beentheoneconsistenactivity throughouimy projects:PETS,StoryRoomsandphys-
ical programming.l have takenon otherrolestoo. | evolved from beinga studentof
the coopeative inquiry designframework to one of its main contributors. Through-
outthemary designsessionsl, obseredandanalyzedhe mary speci c andpractical
actiities. Thesebecamea foundationsetof standardoperatingproceduregor our

researctsessiongsection3.5).

As a computerscientist,| have alwayscontributedmy technicalabilities to the team.
In particular my strengthin rapidly creatingworking prototypedor the teamallowed

usto have concreteobjects-to-talk-with.

| wasalsoa mentorto mary undegraduatestudentsvho camethroughthe IDT pro-
gram. Whetherthey camefrom mechanicakngineeringcomputerscience,or chil-
dren'stechnologyl challengedhemto performto the bestof their abilitiesandatthe

sametime learnthe nuance®f having childrenaspartners.

In the beginning, becausd’ETSwasprimarily an experimentalprojectto understand
andsolidify the coopeative inquiry methodology| found myselfin several rolesat

once.l wasastudenof thetechniquel learnedo bewith children.| facilitateddesign
sessionsl learnedo asktheright questionsAnd, | designedhe enablingtechnology

for therobot. Having mary rolesat oncehasbeenthenormalmodethroughoutmy six
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yeartenure.The rst yearwasmy transformatiorfrom a computersciencespecialist

to ahuman-centeredgeneralist.

Whenl beganmy dissertatiorwork on StoryRoomsandphysicalprogramming) was
alreadymuchmore comfortableasan adultdesignpartner Sol devotedmuchmore
time to observingthe sessionsthinking aboutwhathappenedwhatwentwrong,and
whatwasbrilliant. 1t wasduringthis time that Druin and| discoveredthatoneof the
strength®f ourmethodologywasthatit createcanatmospherevherethe elaboration

of brainstormingdeasoccurwith remarkabldrequeng [24].

| think it is safeto saythatl have mademary contributionsto the IDT overtheyears.
With certainty | know this would not have happenedhad| not learnedfrom theindi-

vidualsin thegroupaswell.

3.3 Working with Childr en

It is clearto mary peoplethat a successfublesignteamshouldinclude peoplewith
mary differentspecialtiesFor example,amechanicaéngineercoulddesignandbuild
the physicalstructureof atangibleplaything. Of course given enoughtime, anyone
might be ableto do this. And he (the non-engineerwould surely gain a valuable
learning experience. While this may be an enlighteninglearningprocess,t would
probablynot be a very ef cient way to develop products.Similarly, we canseehow
other expertswould be integral to the designteam. The educatorwould guide us
andshavs uswaysto collaboratewith children. The participatorydesignpractitioner
would offer a designframework. And, the artistwould transform*“hard;" “cold,” and

“ugly” machinesnto beautifulfunctionalfriendly objects.Ilt mightevenbeacceptable

to includechildrenin thelimited capacitieof testersor users.
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But it wasnot obvious to obsenersof the IDT researctwhy childrenhad“so much
control” on our team. After all, mary would suggestthat it is dif cult enoughto
have a good working teamof adults; therewould be no advantageso makingthe
developmentprocessnorecomplicatedoy includingyoungpeoplewho (presumably)
don't know asmuchasgrown-ups. Visitorsto 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 commonunderlyingthreadseemedo be this: Canchildrenbe effective
partners,and, arethey quali ed? Having spentthesepastsix yearswith the young

designersl believe the answeiis decidedlyaf rmati ve.

3.4 How to Work with Childr en

Without a doubt, it is dif cult to work with childrento designtechnology Thereare
mary reasonsvhy thisis the case.For instanceyoungchildrenhave moredif culties
verbalizingtheirthoughtshanadults.Thisis particularlytrue whenthey wantto con-
vey abstractdeaq 78, 79]. Sounlessadultsacquiretheskills to properlycommunicate
with them, it would be dif cult to involve themin developmentefforts. In addition,
while therehasbeenimmenseamountof researchinto communicatioramongadults
of varyingskills, it hasonly beenin the pastdecadehatresearchereave cometo un-
derstanchow to work with children. Also, traditionaltypesof relationshipsetween
adultandchild, suchasspeaketlistener parent-child,or instructorfollower, are not
alwaysusefulin collaboratve settings.Finally, misconceptiongboutthe properroles

of adultsandchildrencanoftenleadto frustration.For example,childrenarenot “just

41



shortadults; implying they areequallycapableof ary taskthatanadultcanhandle A
seven-yeamld child shouldnever operatéeneary machinery Alternatively, justbecause
achild uttersastatementloesnotnecessarilyneanthatit mustbefollowed. Thechild
may be anexperton beinga child, but shewould not alwaysknow whatis in the best
interestof youngpeoplein certainsituations.In short,childrenareanentirelydifferent
userpopulationwith their own culture,norms,andcompleities [10], andthey should
betreatedaspeoplewith specialknowledgeaboutthe subjectof “being child;” justas

engineerarepeoplewho know a greatdealaboutbuilding things.

3.4.1 Won't They Slow Down the DesignProcess?

Yes, childrencanslow down the designprocess.Productscantakelongerto build.
Thisis especiallytrue for a new team. My experiencehasbeenthatit takesaboutsix
monthsbeforeanintergenerationaleambecomegproductve[2]. Also, sincethereare
differentforms(i. e.verbal,draving, writing, building) of communicatiorpreferredoy
eachchild, the adultsneedto recognizethatthe samecorversationmight be repeated
severaltimes,usingthesedifferentchannelsThis extra effort translateso moretime.
Alternatively, thedesignprocesanslow down justbecausehildrencanofferinsights
for bettertechnology resultingin new featuresand ideasthat were not part of the

original designgoals.

But considemhatmighthapperif adultstry to build technologywithoutincorporating

children'sinsights.Hereis a hypotheticakcenario:

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

2. Theadultbuildsit.
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3. Theadultshavs thegadgeto kids andasks,"What do you think?” And, “What

shouldl doto makeit betterfor you?”

4. Thekidslook attheadultandmumbles‘l dunno’ or“l don't understand,or “I

don't like it.”
5. Theadulttriesto rephraséWhat do you think?”

6. Kids mumbleandwalk away.

Doesthis soundfamiliar? What happened? believe this gulf in communications
the phenomenonof two monologues Whatappearso be aninteraction,or dialog,is
really just thetwo sidestrying to guessat whatthe otheris really saying. Thereis no
transferor o w, of information.Let uslook at steps3) through6) againin table3.1.

Table3.1: Phenomenonf two monologues

Adult's Perspectie Child's Perspectie

Adult shavs the gadgetto kids and | Informationoverload! What's
asks, “What do you think?” And, | all that stuff? What's going
“What shouldl do to makeit better| on? Why arethesethingspur-
for you?” ple? Why is thatthing round?
Kids look at grown-up and mumbles| Justsayarything.

“I dunno; or“l don't understand,or

“I don' like it.”

Adult triesto rephraséWhat do you | Child thinks, “Hmm. | don't

think?” like purple.Therefore] don't
like thisthing” Child says‘|
dunno?”

Kids mumbleandwalk away. Who wasthat?

The problemis that children have no contet in which to understandhe objectpre-
sentedbeforethem, and, grown-upshave no contet in understandindnow children

comprehendheir ervironment.Consequentlywhenall a child seeds thetechnology
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shecannotunderstandhe rationalebehindits features.Now, the adult might try to
decipherthe ever so deep”l don't like it.” But, he may very easily misinterpretthe
child, becausehatis just not enoughinformationto work with. And if theadultdoes
misinterprethis obsenations,andif hethentriesto createanew iterationbasednthis

falseinterpretationthenthetechnologymay strayfrom its intendedobjectie.

3.5 Working with Childr en: Standard Operating

Procedures

Druin describegoopeativeinquiry asa“philosophyandapproacho researchhatcan
be usedto gatherdata,develop prototypesandforge new researchdirections[24].” It

is composeaf threetypesof actiities [24]:

Contextual Inquiry Obsene whatchildrendo with whattechnologieshey currently

have.

Participatory Design Hearwhatchildrenhaveto saydirectly by collaboratingonthe

developmentof “low tech” prototypes.

Technologylmmersion Obsere what children do with extraordinary amountsof

technology(similarto whatthey might have in thefuture).

Within thisframework arethreeiterative events:1) settingexpectations?) brainstorm-
ing, and3) re ecting onthesessior({ gure 3.1).In thissectionl presentclassi cation
of the typesof actwities thatl have found to be effective for mary frequentlyoccur
ring situationsin the IDT researcHab. Considerthis the adultteammembers'ist of

standardperatingproceduresDifferentactvity patternsdominateeacheventphase.
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Brainstorm

Set Expectation Reflection

o _/

Figure3.1: Thethreeiterative actuvities of the coopeative inquiry designmethodol-
ogy.

The expectationsandre ection phasesare unlike the brainstormingpohasen thatthe
researciteamadheredo a standardsetof questionsandactuities for every session.
Onthe otherhand,the brainstormingphaseis intrinsically very differentbecause¢he
dynamicsof eachsessiorcanvary somuchthatthereis reallyno x edrecipe.Instead,
| offer a“trouble-shooting"chartthatcontainsalist of commonissuesandsomeexer-
cisesto addresghesesituations.Sincethe primary brainstorminggoal of coopeative
inquiry is to foster elaboration [2], mary of theseexercisescan make elaboration

happemmorefrequently easierandfaster

3.5.1 Activities for the Setting ExpectationsPhase

Adult teammemberssetexpectationsduring two distinct actiities: adult debrie ng
andsnacktime. This orderis important. Adult debrie ng occursafterevery research
sessionandincludesonly adults. They review andanalyzethe sessionandagreeon
agoalfor the next session.Then,duringthe snacktime of the new sessionthe adults

introducetheday's designgoalto thechildren( gure 3.2),whetherit bebrainstorming
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Setting Adults Debrief Adults Set New Snack Time
Expectation & Analyze Expectations Adults Introduce
Expectations to Child
> > > Designers
T ,,
Reflection Brainstorm

Figure3.2: Adult debrie ng andsnacktime arecritical momentgor settingexpecta-
tions. A typical chainof eventsis 1) adultsre ect andevaluateon the currentsession,
2) adultssetnew goalsfor future sessionsand3) adultspresenthe goalsto children
duringsnacktime.

or re ection events.It is importantto notethatby snacktime thegoalhasalreadybeen

alteredfrom thetechnicalandabstracinto aform thatchildrencancomprehend.

For brainstormingevents, althoughadultsde ne a list of expectationsthey do not
enforcethe outcomeof the session.Indeed,they may nd thatchildrentakethe de-
signteamin completelydifferentdirections,or thattheir ideasundego an extensve

elaboratiorprocessAn expectationis just aworking topic andnot setin stone.

Adult debrie ng and analysis

The ATM debriefaftereveryresearclsessionMore thanjustawayto setfuturegoals,
thesereview sessionglsohelptheadultsre ne the coopeativeinquiry methodology
Perhapghe mostimportantlessonthat | have learnedis that debrie ng canhelp a
designgroupidentify andtailor the speci ¢ techniqueshatwork bestfor its members.

Table 3.2 containghe standardjuestiongor 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

Werethe ATM's expecta-
tionsmet?

Thisis alwaysthe rst question.lt setsthe
tonefor thereview session.

What techniquesdid not
work? Why? Did the
ATM make ary olvious
mistakes?

This helpsthe adultsdistinguishmistakes
thatweredueto de cienciesin the design
processor from lapsesin adheringto the
coopeantive inquiry framework.

Were there ary 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 ary critical ideasoc-
cur?

Conceptuabreakthroughareoftenimpor-
tant cornerstonesn the resultingtechnol-

0gy.

Whatdid thechildrenand
adultswrite in their jour-
nals?

During brainstormingijt is not alwayspos-
sible to hear every persons contribution.
Journalsoffer anotherdemocraticway for
all membergo voicetheir opinions.

What did the children
videotapewrite, or draw?

It is very easyfor adultsto focuson top-
ics thatthey think areimportantfor every-
one. By reviewing children's re ections
of brainstormingsessionsadults can un-
cover issuesthat are important from the
children's perspecties.

Are moresessionsieeded
to achieve the current
goal? Shouldthe goal be
re ned or changedo new
setof expectations

The ATM mayhave underestimatethe ef-
fort requiredto attaina goal. Or, the IDT
mayhave madeabreakthroughhatenables
theteamto move to thenext problem.

Iwith the startof every year the adultsandchildrenreceied a journal to entertheir obsenations,
ideas,andre ections. For pre-literatechildren,it wascommonfor themto expresstheirideasthrough
drawing. Often, the childrenwould alsoverbalizetheir thoughtsfor the adultsto transcribeinto the
journal.
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Setting New Expectations

Adult debrie ng givesthe ATM informationneededor the analysisphasewherethe
adultsre ne or re-de ne anexpectation,choosesupportingdesignactuities, allocate
humanresourcesprepareprototypingmaterials,and develop one simple expectation
statemensothatbothadultsandchildrencanunderstandhegoal. Table3.3containsa

pre-sessiochecklistandquestionnairéghe ATM usebeforeeachdesignteammeeting.

Table3.3: Pre-desigrsessiorchecklistandquestions.

QuestiomandChecklist

Reason

What is the type of the
next session(contetual
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
somethingor eachmeeting.

Choose appropriate,
brainstormingactuities.

For example,if the ATM plana contextual
inquiry sessionthenthe adultsneedto de-
ne thecontext andpreparehelab for this
actiity. Or, if theplanis to sketchnew de-
signideas,the IDT would uselow- delity
prototypingmethods.

Allocate team members
to work on appropriate
actuities.

Just as adults have specialties, children

alsohave strengthsandweaknesseasde-

signers. After the ATM have decidedon

the brainstormingactuvities, the adultsse-

lect the bestpeopleto handlethe subtasks
within thoseactvities.
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Table 3.3: Pre-desigrsessiorchecklistand questionscon-

tinued.

QuestiomandChecklist

Reason

Prepare,collect, or pur-
chase prototyping mate-
rial.

Differentkinds of sketchegprototype)re-
quire different material. For example, a
storyboardsessiormayonly needmarkers,
crayons,and lots of paper But a project
such as a robot might require clay, pop-
sicle sticks, glue, scissorsLEGO pieces,
motors,etc.

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

All membersshouldeasily understandhe
expectation. Thus, “We are going to de-
signanad-hocdistributednetworkingpro-
tocol” would not be appropriate,since
children may not have the backgroundto
understandhis 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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Setting ExpectationsDuring SnackTime

BecausehelDT usessnacktime asatransitionfor bothadultsandchildrento become
designpartnersthe ATM presenthe expectationfor the sessiorin incrementakteps,
from generabanteringaboutfun topicsto morecloselyrelatedideasand nally tothe
explicit expectationstatementhatthe adultspreparedduring adultdebrie ng. Table
(table3.4) containsthelist of discussiortopics.

Table 3.4: Snacktime discussiontopics the adults useto
transitionfrom generalbanterinto presentatiorof session

goal.
Thingsto Say Reason
Share some fun stories| To preparethe group for a brainstorming
andjokes. sessionadultsand childrensharefun sto-

ries to breakdown the age and authority
barriersbetweerthem. Thetopicsareoften
silly, suchas knock-knockjokes, favorite

junk-foods,andmostdisgustingice cream
avors.

Ask a round-tableques-| This is a transitional statement. These
tion of general interest| questionsnovethechildrenfrom theirreg-

that is relatedto the re- | ularrole asstudentandchild to therole of

searchagendaf theday | designerFor example,if the ATM goalfor

the daywereaboutbuilding aninterfaceto

guerya digital library for 5 yearold chil-

dren,thentheadultsmayask,“Do youever
look thingsup ontheweb?” Or, “Have you

goneto thelibrary to look for booksabout
vegetables?”

50



Table3.4: Snacktime discussiortopics,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
sessioron StoryRooms:“*Do you remem-
berlasttime whenwe wentaroundthe ta-
ble makingup a story?Well, today we are
goingto dothatagain justto warmup. Af-

ter that, we aregoing to think aboutwhat
kind of computerwe canmakethatletsus
turnthisroominto thatstory”

State the expectationfor
a contetual inquiry ses-
sion

Begin the sessiorby talking aboutrelated
subjectghatthechildrenarealreadyfamil-

iar with. Then,narrow to the speci ¢ sub-
ject. For example,whenthe IDT began
the StoryRoomsproject, the ATM asked
thechildrento think abouthow mary ways
they know to tell a story (i.e., reading,
movie, music)andwhatelementgoodsto-

riesshare.Theadultsaskedsuchquestions
as, “What wasyour favorite movie of this
month?” Then, after everyonehasgiven
his opinion,theadultsfollow up with, “To-
day, wearegoingto gure outwhyyoulike
thesemovies’

State the expectationfor
a contextual inquiry eld
trip

The ATM explain why the groupis going,
andwhattheteamshouldthink aboutwhile
there. For example,the IDT visited Port
Discoveryin Baltimoreto learnaboutstory
spacesTheATM mightsay “Wearegoing
to PortDiscovery todaybecausehey have
a mystery story-room. Think aboutwhat
you like anddonotlike abouttheway they
built it. Also think aboutwhetherit is ex-
citing, boring, fun, or frustrating”
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b= 71

Figure3.3: Adults andchildrenlooking for patternsduringa stickiessession.

Table3.4: Snacktime discussiortopics,continued.

Thingsto Say Reason
State the expectationfor | Usually after a contextual inquiry session,
analyzinga problem thelDT hasidenti ed issuedo investigate.

But we don't necessarilyunderstandvhy

theseproblemsexist. To preparethe IDT

for sessiongo understandhe natureof a
problem,the ATM would say “Last time,
we lookedat GadgetX. Today we arego-
ing to start with a stickies sessioA and
gure out what we liked and what needs
work” (gure 3.3)

3.5.2 Brainstorming

Five issuesoccurfrequentlyduringbrainstormingsessions1) understandingechnol-
ogy, 2) evaluatingtechnology 3) designingtechnology 4) stagnatingdesignsession,
and 5) uncooperatie children. The following lists thesesituations( gure 3.4) and

describesomepracticalresponseétable3.5).

2A stickiessessioris an analyticactivity. Both adultsandchildrencontribute several sticky notes
thatcontainlikes, dislikes,andsuggestion$or improvementgo the technologyunderreview. All the
notesarepostedon thewall for theteamto offer comments.
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Understanding
technology

contextual
nquiry

What’s good
and bad about
the technology

evaluation
sticky notes
<>
S

4 Design session

1s stagnant

Figure3.4: Issueghatariseduring brainstormsessiongndhow the IDT solvesthem.
In therectanglesareissuesuchasunderstandingechnologyto overcomingastagnat-

act out
scenarios

videographer
and
reporter

prototyping

idea sticky
notes

Design possible
technology
solutions

low-tech

secret
message

v

Kid having a
bad day

ing moment.The bubblesarethe solutionsthathave beenconsistentlyuseful.
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Table 3.5: Common brainstormingevents and useful re-

sponses.

Situation Exercise Explanation

Understanding | Contextual A greatway to understandech-

existing technol-| Inquiry nology is to useit. Every new

ogy projectbegins with contectual in-
quiry sessionsof relevant tech-
nologies.

Understanding | Evaluation The IDT follows every conte-

existing technol-| Sticky Notes tual inquiry sessionwith an eval-

ogy

uation stickies exercise. Evalu-
ation sticky notesoffer a demo-
cratic way for designteammem-
bersto voice their opinionsabout
atechnology Eachmembemrites
onsticky notes3 thingsthey “like”
and3 thingsthatthey“don't like.”
Thesecommentsare postedon a
white board for all to evaluate.
Then,asagroup,we identify ma-
jor classesof positve and nega-
tive features,the most important
issues(by frequeng), and good
ideas,from all the catgyories,that
desere 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
i0s

Stickiessessiongdentify theprob-

lemsthatthe designteamwantsto

solve. The next stepis to dissect
theproblem, nd outbothpositive

and negative characteristics.One
very effective methodto analyze
problemsis to act out scenarios
Thatis, theteammembersecome
the various parts of the technol-
ogy andactout whatthe technol-
ogy might do in a situation. This

givesboth the adultsand children
aconcreté understandingf what
is happening. It makesabstract
notionsconcreteandphysicaland
visual. This works well because
there is no needto build proto-
types,whichtakestime andeffort.

Sketchnew tech-
nologysolutions

Low-tech proto-
typing

Low-tech materialsuchas paper
glue, and cardboardboxes enable
bothadultsandchildrento visual-
ize theirideasfor new technology
It is inexpensve, quick,andfun.

Sketchnew tech-
nologysolutions

IdeaStickies

There are times when even low-
tech prototypesrequiresmore ef-
fort than it is worth. Use idea
stickiesinstead. Idea stickiesare
just sticky notesof differentcol-
ors. Sketchpictures,cons,words,
on thesepapersand shufe them
aroundto actout scenarios.

55

3Recallthatyoungchildrenthink bestin physicalways.



Table 3.5: Commonbrainstormingevents and responses,

continued.

Situation

Exercise

Explanation

Stagnant  pe-
riod, Kkickstart
the elaboration
process

Speedound

The designgroup sits in a circle
and a leader bggin by stating a
goal. Then, eachpersonaround
thecircle contributesanidea. This
persononly gets one secondto
think aboutit. If he cannotcon-
tributeanidea,thenyou say “Too
late!” and move to the next per

son. This works wonderswhen
the groupis not moving forward
becausd removesinhibitionsand
encouragegveryoneto just blurt
out something.As soonasa truly

greatidea comesout, the design
teamcan pounceon it andelabo-
rate. When a personis not given
enoughtime to think, he can be
silly with his idea. The children
seemto understandthis and in-

steadof worrying aboutwhether
they appearoolish to others,they

insteadenjoytrying to outdoeach
other
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Table 3.5: Commonbrainstormingevents and responses,

continued.

Situation

Exercise

Explanation

Stagnant  pe-
riod, Kkickstart
the elaboration
process

IdeaStickies

When a discussionis becoming
too abstractchildrenmaylosefo-

cus. When this happens,make
theideasconcreteyy puttingthem
down ontoideasticky notes. Be-

causesome children cannotread
aswell asothers,usepicturesin-

steadof words. Ideastickiesre-

generatethe brainstorming pro-

cessbecausehe childrencansee
andtouchthem. So even though
they containsthe sameelements
as verbal discussionstheir phys-
ical presenceemindandfocusthe

kids ontheproblem.

Stagnant  pe-
riod, Kkickstart
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 outperformeach
other but the resultof thesecom-
petitionscanoftenbecomehe rst
prototypesof new technology

Stagnant  pe-
riod, Kkickstart
the elaboration
process

Exhibition

Tell your IDT teamthat you will
shaw off the new technologyand
give thema deadline. An exhibi-
tion setsa tonefor the designses-
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 abad The ATM constantlyremind our-
day selesthathalfthe IDT teamis 11

yearsold or younger Wheneven
justa coupleof themarehaving a
badday, the meetingcould easily
becomeunproductve. As adults,
we acceptthat somesessionsare
justnotgoingto be productie.
Kid having abad | Videographer | Offer the child who is having a
day andreporter badday to be a reporterand give
her the video camera. Ask her
to Im 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 sketchwhatshe
obsenes,to putinto herjournal.
Kid having abad | Secretmessage | Eachchild teammembemreactsto
day baddaysin differentways. It can
behelpfulfor theadultteamleader
to develop specialgesturegor ev-
ery child, sothatwhensheis un-
cooperatre, shecanbetold about
it without being publicly embar
rassed.

3.5.3 Re ections

Four exercisescaptureeventsin ourlab: 1) adultdebrie ng, 2) journals,3) videotape,

and4) teampresentationBy analyzingthiswealthof datathe ATM have beerableto
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Adult debriefing New insights
Journals Refine Identify most
methodology useful
techniques for
Videotape the team
New expectations

Team presentations

Figure3.5: Artifactsfrom the IDT researclsessionsielpde ne futuregoals.

re ne coopeative inquiry aswell ascreateinterestingnew technologiegor children.
In Table3.6,1 describethesefour actvities andthe type of informationthey capture
(gure 3.5).

Table 3.6: Re ection actwvities andthe type of information
they capture.

Class Explanation Exercise

Adult debrie ng | This was discussedin | Referto page46.
the expectations section
above (3.5.1).
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Table3.6: Activities duringre ection, continued.

Class

Explanation

Exercise

Journals

Journals are more than
just archves. They are
also records of changes
and re nements in the
coopeative inquiry prac-
tices. For the children
team members, it is a

way for themto remem-
ber their contributions as
designerdn the team. It

is useful to setaside 10

minutes at the end of

the day, and write down

re ections, contributions,
andobsenations.

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

Videotape

Footagecapturedoy chil-
drencanrevealtheir per
spectves of the design
process and what they
perceve to be important
issues.

Both adult and children
members videotape de-
signsessions.

Team presenta
tion

Thesepresentationbring
closureto the day's ac-
complishments. They
alsoallow theteamgore-
view and commentabout
thework of othergroups.

If the sessioninvolved
competitionsor members
workedin sub-groupsthe
groupalwaysresened 10
minutes at the end of
the sessiorfor the teams
to discusswhat they had
doneandwhat was dif -
cult.
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3.6 Working with Kinder garten Aged Childr en

WhenthelDT expandedts researcimethoddo includekindemgartenerasdesigners|,
did notquiteknow whatto expect. Werethey matureenoughto beproductve members
of adesignteam?Whatwerethe bestrolesfor them?Whatchangego our methodol-
ogy wereneededo bestaccommodatéheir needs™uring its pilot yearof study the
designteamdiscoveredmary changesvereneededo work with kindemgartenstudents

[32].

One modi cation that | learnedwas that word choicewas incredibly important. It
could eithermakethe abstracideaseemeasyto understandor the simplestconcept

impossibleto grasp.

3.6.1 UseTheir Words

| found that using words within the kindegartenchildren's vocalular allowed the
adultsto communicateour ideasmoreclearly to them. By closeobserationandre-
view of videotapesl pickedup onthetypesof words,or evenexactphraseskidsused.
For example,while theadultIDT membersverepresentinghe StoryRoomsconcept,
achild, trying to makesenseof his obsenations,madethe commentthattherewere
“invisible wires” in the room. This wasa profoundmoment,asthe adultshad been
up to thatmomentstumpedon nding away to explain the mostabstracipart of the
technology which wasthe wirelessinteractionsbetweenthe physicalicons. Now if

onechild wasableto describewhatwasgoing on, it was probablysafeto usethose
samewordsonotherstoo. Use“kid-friendly,” or “kid-originated” languagevith them.

They will understandonceptsattheirlevel.
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3.6.2 Level of Concreteness

Ask simple,speci ¢, andpointedquestiongo kindemgartenersAt this age,they may
belessablethantheolder, elementaryschoolstudentso producegooddesignideasin
a completelyopen-endedorum. Hereis anexamplefrom the physicalprogramming
project[65]. Supposé wantto say “I amconnectinghesewo things” | mightinstead
say “I ammakinganinvisible wire betweerthesetiwo things” Theword“connect’is
dif cult for thechild becausehereis no physicalmanifestatiorof connectednes®&ut
awire is real. It cantransferthingsfrom oneplaceto another To the kindelgartener

it makessensdahatawire, evenif it wereinvisible, canbelaid betweertwo objects.
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Chapter 4

PETS: My First Physical Interacti ve Storytelling

Construction Kit

The seedfor a physicalinteractie storytellingspacecamefrom my earlywork on a
specialrobot called PETS(a PersonaElectronicTeller of Stories). The goal of this
projectwas not so muchthe creationof a new technology but rather it wasa way
for the IDT to develop a participatorydesignframework that could include children
asdesignempartnerd23, 24, 26, 27]. After therobotwascompleted] notonly came
to understandnore deeplythe rolesof childrenin a designteam,| alsocameto un-
derstandhat childrenwereinterestedn toolsfor themto createtheir own interactve

stories.

By itself, PETSwas a successfudemonstratiorof what a physical storytelling kit
mightcontain.But moreimportantly it wasmy experiencevorkingonthis projectthat
sparkedthe far more ambitiousprojectof creatingconstructiontools for interactive
spacessuchas StoryRooms. Despitetheir apparentdifferencesone being a robot
and the other an ervironment), conceptuallyboth systemsare quite similar. First,

the story constructionprocesgequiresmary physicalcomponentandan elementof
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“programming” or “scripting” Secondthe child userowns the entire process.An
adultdoesnot have to interjecthigh-techmumbojumbo on behalfof the childrenfor
thesystento work. Finally, bothsystemgave childrenaway to explore new kindsof

storytellingexperience.

Thischapteron PETSis anentryinto physicalstorytellingsystemslt offersaglimpse
into the motivationsbehindcreatinga kit for childrenthatis constructve, physical,

andthatcangeneratestories.

4.1 PETSTellsa Story

“ThereoncewasarobotnamedMichelle. Shewasnew in the
neighborhoodShewasHAPPY whenshe rst came thinking she
would makefriends.But it wasthe opposite.Otherrobots

threw rocksandsticks. ShewasSAD. Now no oneliked her.
Oneday shewaswalking down a street,a hugebusyone,when
anotherobotnamedRob cameup andask]sic] if shewantedto
have afriend. ShewasSCAREDat rst but thenrealizedthat
shewasHAPPY. TheotherrobotswereANGRY but knew thatthey
hadlearnedheirlessonMichelle andRoblivedHAPPILY ever
after No onenoticedthe dentsfrom rocksthatstayedon

Michelle’ [22]

This wasjust oneof mary storiesthatchildrenwrote with the help of PETS[28], my

rst physicalandinteractive storytellingconstructiorkit.
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Becausestorytellingis inherently constructve, the resultingproductsfrom the IDT
have beenkits that enablechildrento createtheir own stories. My goalstoo had
evolved from the PETSstorytellingrobot[28] to a kit that enabledchildrento build
physicalandinteractve story ervironments[66, 2]. By giving childrenthe tools to
build their own interactve physicalervironments,they could begin to experiencea

level of creatve autonomythatwaspreviously limited to adults.

4.2 A Description of PETS

PETS, rst developedin 1998,wasaroboticstorytelling environmentfor elementary
schoolagechildren[28]. The PETSconstructiorkit containeda box of fuzzy stuffed
animalpartsandanauthoringapplicationonapersonatomputer Childrencouldbuild
a robotic animal, or pet, by connectinganimalpartssuchastorso, head,paws, ears,
andwings. Next, they wrote andtold storiesusingthe MyPETSsoftware.Justasthe
robotic animalwasmadefrom discretecomponentsMyPETSwasalso constructve.
Thisapplicationenablecthildrento createemotionsto nametheirroboticcompanion,

andto compilealibrary of storiesandstorystarterq gure 4.1).

Eachemotionthattherobotperformswasrepresentetly asequencef physicalmove-
mentsthatcorveyeda speci ¢ feelingto theaudience The child designerdelpedthe
teamto de ne six basicemotionsandthe movementsthataccompan them: happy
sad,lonely, loving, scaredandangry They werechoserbecaus®f their signi cance
to childrenin their everydaylivesandbecauseheseactionsrepresenteédmotionghat
were sufciently differentfrom eachotherthatthe audiencewould not confuseone
from another For example,to expressloneliness,the robot droopedits armsdown

andlookedleft andright, asif it werelooking for afriend. To shav happinessPETS
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Figure4.1l: PETS.Ontheleft is a computedisplayingthe MyPET Ssoftware.In the
middleis the PETSrobotdecoratedvith paws, a pig's snout,horns,and appy ears.
To therightis a ying saucerfor PETSto ride on. Ontop of the ying saucerarean
optionalpair of wings.
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wavedits armsreally fast,turnedits headeft andright, andspunthe spaceshijit rode
on. And, whentherobotwas“sad; it droopsits headandarms,andmovedforwardat

aslow, deliberatepace.

PETSencouragedreatvity throughinteractive anditerative play. Childrenwerecon-
stantlywriting and rewriting their stories( gure 4.2), andin the processdeveloped
theirown writing styles.They alsoenjoyedbuilding differentkindsof animals.When-
everthey wantedthesechildrencouldcommandMyPETS gure 4.7)totell theirstory
andwatchedheiranimalactoutemotions As therobotencountereéach‘emotional”
word in the story, it performedthatemotionby moving its bodyin the sequencespec-

i ed by its creators.

A critical featureof PETSwasthatthe child userwasalwaysin control. Unlike prod-
uctssuchasthe ActimatesBarney, wheretherobotdirectedthe o w of action,andthe

child followedits instructions childrencandecidetheir own actvity patterns.

Threeversionsf PETSweredesignedThey werenamedn theorderof theircreation,
PETS, PETS, andPETS. Eachsuccesske versionwasa morere ned “sketch” of

thelDT's collective vision of theroboticstorytellingervironment.

PETS wasa prototypethat| createdn early1998to understandhe technicalissues
relatedto interactverobots.It wasin facttheresultof my own technologyimmersion
process.The knowledgegainedfrom building this robot becamea roughtechnology

roadmagfor future PETS.
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The Story Screen="———————————————— B |

My Story With Noobis

- ¥3: ¥l g

A elephant is ANGRY. But they |~
love cherries. Elephants are
SCARED of little things like
mice. A elephant is HAPPY

when a buddy comes over|

Figure4.2: Childrentypedtheir storiesandinsert“emotions”with The Story Screen.
A child providedthe sentences theabove story.
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4.3 PETS

PETS (gure 4.3),built duringthe summerof 1998,wasthe rst “full-featured” and
demonstrableobotfrom thelDT. This machinehadprimitive reactve behaiors. For
instance,its headfollowed or turned away from a beamof light, dependingon its
“mood’ Also, it would move its pavs towardyou if it was“happy” or pull away if
it was“scared. Most of its skeletalstructurewas constructedf LEGO blocks,and
thelimbs weresimpleplasticboxes. Variousfabric materialscoveredtherobotto hide
the mechanicatomponents.For instance the headwas coveredwith a fabric with
cow hide prints; somelimbs were coveredin feather;anda furry skirt wasdraped
over the entirerobotto createa roundedandsoft shape.A HandyBoard[60] micro-
controllerin thetorsocontrolledembeddednotorsandsenos. In additionto on-board
programsfor the robot's primitive behaiors, the controlleralsoreceved commands
from MyPETSthrougha connectingwire. Sensorge. g., light andtouch)throughout

thebodyinformedthe robotaboutits ervironment.

ConceptuallyPETS containedhreemajorcomponentsi) the skeleton 2) the skin,

and3) the software.

4.3.1 The Robot Skeleton

The PETS skeletonwas primarily madefrom LEGO blocks sinceit was an easy
prototypingtool for both adultsandchildren. It hada modulardesign. For example,
the eyes(light sensorsjveredetachablendcould be placedin differentplacesof the
robot's body Thelimbs, madefrom plasticboxesandembeddedvith seno motors,
attachedo thetorsoby LEGO pegs. Thewheelbasevasseparablérom therestof the
robot( gure 4.4).
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Figure4.3: PETS, with afurry body, dog paw, duckfoot, andcow face.

Themostdif cult problemof the skeletoninvolvedthejoints. For example,the neck,
a 2-dgyrees-of-freedonpint, hadto supporta large head,andwasthe weakesipoint
of aninvertedpendulum.Also, the limbs fell off easily sincethey were connectedo
thebodywith only several shortpegs. Wiring wasanotherissue.Althoughindividual
bodypartsweredetachabléom the skeletonthey still hadto betetheredy telephone
wires to the body. Eyesandlimbs that were truly physicallyindependentnodules

would have beenmuchnicer.

4.3.2 The Robot Skin

Typically, the designof a robot stopsat the “skeleton” phase.But sinceone goal of
this projectwasto createa “ uf fy” and “huggable” pet, | was concernedwith the

appearancef therobotaswell. ThelDT createdshapesy paddingthe skeletorwith
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Figure4.4: ThePETS skeleton.
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Figure4.5: ThePETS skeletalheadwith padding.

socksandfabric sheetq gure 4.5). In addition,a skirt wasdrapedaroundthe body

andcoveredtheskeleton( gure 4.3).

4.3.3 The Software

PETS wasdesignedo operaten two modes:1) autonomousand?2) remotecontrol
by My PETS In theautonomousnode, PETS wasareactve robotwith thefollowing

abilities.

See Thelight sensoryes.

Listen Themicrophonesars(hardwarevasnotimplementedatthetime).
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Speak Theloudspeaker
Run Thewheelbase.
Arms Theappendages

Feel Thetouchsensoron the Arms. Oneis in front of the arm, the otheris in the

backside.

Remotecontrol My PETS

Eachability is a separatg@rocess.Sensomprocessesipdatedataonto a global black-
board,while actuatoprocessegseferto the blackboarcandaffectdevicesaccordingly
Theseabilities supportedpersonalities PETS supportedSHY and CURIOUS. The
following exampleillustratesthe relationshipbetweenpersonalityand abilities. If

therobotwereset(by software)to be SHY, thenwhenthe Left Feelis triggered,the
Left Arm would pull backin theoppositedirectionof thetouching.If insteadherobot
weresetto CURIOUS,thenthe Arm would move into the direction of the touching.
Anotherwords,supposd amshyanda persontouchesmy arm,| would pull my arm
away from the person.But if | werea curiouspersonthenl would pushmy arminto

thepersons hand.

WhenPETS wasin the RemoteContol mode,it wasnot reactve andwasa slave to
thecommandsssuedby My PETS In this mode, My PET Ssentstream®f commands

to therobotthatactivatedvariousmovements.
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Figure4.6: The MyPETSsoftware the transmitterbox, andthe skeletalcomponents
of PETS.

4.4 PETS

After theIDT completedPETS, threemajorgoalsfor the next versionwereset: im-
provedaestheticsjurability, andwirelesscommunicationThenext prototype PETS,
built betweerSeptembet998andApril 1999 includedmary re nementsoverits pre-
decessorsFor example,PETS hada foamoutershell coveredwith felt ( gure 4.6).
It hada moregracefulshapeandvibrantcolors. Thefoamshellnot only providedthe
shapeof therobot;it wasalsoabuffer againstalusive play from children.In addition,
it hada much sturdierskeletalstructurebuilt from metal, plastic,and polycarbonate
materials.Therobotalsocommunicatedvith the My PET Ssoftwarevia wirelessradio

frequeng channels.

74



Figure4.7: Main screen®f the MyPETSapplication. The left imageis from PETS,
andtherightimageis from PETS.

4.4.1 Limitations

PETS hadseveralsigni cant differencedrom PETS. First, unlike PETS's LEGO
blocks,the PETS skeletonwasmadefrom much sturdierpolycarbonatesheetsand
steelposts. Its “skin” wasa singlefelt-coveredfoamy shell, anddid not suffer from
problemssuchasthe body skirt comingoff PETS . But, this new designstill did not
adequatelyaddresghe weakneckandthe methodfor attachinglimbs ontothe body.
ThePETS projectdid not suffer too muchfrom this, asthe childrenwerefocusedon
the storytellingand observingthe robot's performancesThesemechanicaproblems

couldbe solvedby collaboratingwith mechanicaéngineers.

Unlike the PETS softwarearchitecture which had a reactve layer (eg. [14]), an
autonomou$ehaior wasnotbuilt into the PETS software because focusedonthe
storytelling and the sequencingf actionsin My PETS But this lack of a primitive

behaior meantthatPETS couldnot protectitself from obstaclessuchasawall.
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4.5 Robots,Childr en,and Learning About

the DesignProcess

Childrenaredrawvn to physicalplay things. They love robots! | sav this repeatedly
duringtheyearl workedon PETS.Whenl demonstratedPETSto youngvisitorsto
HCIL, inevitably, they weredrawn to therobotsin thelab, eventhoughit was lled
with lots of othertoysfor children. | believedthis wasbecauseobotsareinherently
intriguing and highly interactve objects. Indeed,studieshave shavn thatin settings
wherethereare both thingsto obsere andthingsto play with, young childrenare
usuallyattractedo actiities wherethey canbecomenteractve participants.For ex-
ample,in zoos,they preferto interactwith pigeonsandsquirrelsthanthe moreexotic

animalsbehindbars[43].

Accordingly, arobotasa designgoalwasusefulfor two reasonsThe rst reasorwas
thatit wasmucheasietto getthechildrento beexcitedaboutinventingsomethinghey
like, ratherthanto createthe next generatiortoasteroven,for example.The otherwas
thatthe procesof building robotsis inherentlycollaboratve and physical. Sincethe
IDT wasinterestedn boththe processandthe product,having a projectthatrequired
collaborationandlots of constructionwashelpful in studyingandtestingcoopeative

inquiry (3) in action.

But, building theseinteractve, robust, and child-friendly robotswas extremely dif-

cult. | believed that therewere two main reasons:First, a projectsuchas PETS
requiredan interdisciplinaryeffort, thus,ateamwith diversetalents.Puttingtogether
sucha groupwasnot easy Secondjnteractionsdbetweenra robotandits ervironment
were often unpredictable. This uncertaintypresentednary technologicaland engi-

neeringchallenges.
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4.6 Lessond.earnedfromPETS

PETSprovided mary insightsinto physicalinteractve storytelling. In particular the
afnity thatchildrenhave toward real objectsandtheir strongdesireto write stories
andsharethemwith others.It alsoshavedchildren's desirefor “fuzzy” and“cuddly”
roboticobjects.But this projectalsorevealedsomeshortcoming®f storytellingusing
robots. They canbe ne actors,but it canbe awkwardto usethemto expressphysi-
cal storytellingexperiencesuchasthe wind blowsthroughthe plains which canbe
simply implementedisinga contactsensora fan,anda projectedmageof adesolate

plain. Thesdimits led meto my next project: StoryRooms.
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Chapter 5

Storieswithin a Physical Interacti ve Environment

The transitionfrom storytellingrobotsto storytellingervironmentswas natural. Al-

thougha physicalrobotcanbe anactor somestory elementsareeitherinconcevable
or avkwardto expressthrougharobot. Childrencaneasilyusetherobotto “express”
sadnes®r happinessbut might have dif culty makingit project: it wasa dark and

stormynight

In the summerof 1999,1 beganwork on a technologythatwould leadme to my dis-
sertatiorresearchtechnologyfor childrento constructheir own storytellingphysical
interactve ervironments.Lessond learnedfrom PETS,suchassequencinghysical
eventsto expressabstracideas,andsensoteffector interactions formedthe founda-
tion of this new endeaor. | believed, alongwith my team,thatwith the right set of
tools, childrencould constructtheir own StoryRooms.And, throughinteractionsin

this ervironment,childrencanenjoya new storytellingexperience?2].

DesigningStoryRoomswith childrenprovedto be extremelydif cult. Although chil-
drenarenaturalstorytellers,andalthoughthey have encounterednary forms of sto-

rytelling, thata physicalspacecanbe expressve wasinitially too abstractfor some
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of the child designers To understandhe relationshipsamongstorytelling, interac-
tive technology and physicalenvironments,three StoryRoomprototypeswere built
with increasednteractive levels: The RedBalloon, Hickory Dickory Dock, and The
Sneethes TheRedBalloonandHickory Dickory Dodk weremock-upervironments,
in which the children pretendedo be the proximity sensorsaandthe soundandlight
effectorsthatwereneededo emulatetheinteractvity in the physicalstory. Thethird
prototype,The Sneetheswasthe rst ervironmentthat containedreal computational
abilities; a softwareapplicationmonitoredcontactsensorninputsandselectvely acti-
vatedsounds ights, andimageswithin the room. From theselow-techprototypes

learnedaboutthe structureof physicalstoriesandtheirtechnologicalequirements.

5.1 The RedBalloon

TheRedBalloonis a classicmovie abouta boywho nds afriendly red balloonthat
follows him wherever he goes. Somemean-spiriteckids wantto takeit awvay from
him. Whenthe red balloonkeeps oating away from the badkids, they pelt it with
rocks,until it burstsandfalls ontothe ground[54]. As the movie endshundredsipon

thousand®f balloonsbeagin to risefrom all over thevillage.

In the HCIL, A redlampbecomeshe redballoon. Onechild controlsit by ickering
it on andoff andsaying,“I'm theredballoon? Wheneer the “good boy” walks by
her, sheturnsthelight onanduttersthe sentencelf the“badkids” behae menacingly

towardher, sheturnsoff thelight andcrumblestowardstheground.

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

betweenphysicalobjectsand people. Theseinteractionsaddeda new kind of expe-

Truth betold, the StoryRoomconcepwasdif cult for someadultstoo.
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rienceto the original mediumof the RedBalloon ThelDT beganto understandhat
physicalitycanafford arich experience Also, by beingdirectly responsibldor thein-
teractionsthechild designersearnedabouttherole of technologyin thesestorytelling

ervironments.

5.2 Hickory Dickory Dock

Hickory dickory dod.
Themouseran uptheclod.
Theclod strudk one
Themousefell down.

Hickory dickory dod.

The secondow-tech StoryRoomwas an adaptatiorof the classicchildren's rhyme,
Hickory Dickory Dock. Onceagain,somechildrenwereaskedto be the technology

while otherswerevisitorsto thestory.

5.2.1 Setup

Paperlabelsrepresentingpeciakeffects,suchasToud, SoundandLight, andobjects,
suchasTelephond gure 5.1),ComputerandChair wereplacednext to actualobjects
in ourlab. Threepaperplatesveredecorateésprops.Oneachplatewasoneof thethe
wordsHickory, Dickory, andDodk. Digitized soundeffectswerestoredonacomputer
Onechild wasresponsibldor soundeffects. Anotherwasgivena ash light andwas

responsibldor light effects.Finally, threechildrenwereaskedo bedifferentkinds of
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Figure5.1: The phoneobjectin Hickory Dickory Dock. The paperlight andsound
“buttons”’representeaturesof the “phone” object.
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Figure5.2: A child asalow-techwizard-of-ozin theHickory Dickory Dock rhyme.

narrators Eachsuccessie speakepfferedanincreasindevel of interactvity with the

storyroomvisitor.

5.2.2 DirectRecitation

A visitor enteredthe room and selecteda narratorby placinga crown on top of that
person.Shethenpushed paperabelledStartonthespeakers chesto begin thestory.
Whenthe narrator( gure 5.2) utteredthe words, “hickory, dickory, dock; thelight-
effectspersonwould shinea beamof light on the paperplatewith the corresponding
word. Then,whenthe narratorsaid, “the mouseran up the clock; the light-effects

persoraimedthe light attherealclock onthewall.

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 Toud label next to its physicalcounterpart.If shepushedthe
Telephonethe narratorwould say “telephon€’, andthe sound-efiects personwould
activatetheringing phonesound.Finally, the narratorcompletedhe lasttwo lines of

thestory.

5.2.4 Full Interactivity

Thevisitor exploredthe varioussensorgthe paperabels)andheardthe speakeutter
thecorrespondingvords. Whenshewasreadyto experiencegherhyme,sheaskedhe

narratoro reciteherversion.

Dickory hickory dodk dodk dock.
Themouseran up thechair.
Theclod strudk one
Themousefell down.

Dickory hickory dodk dodk dock.

5.2.5 LessonsLearnedfrom Low-TechScenarios

| learnedthatthe samestory canoffer very differentexperiencespasedon the level
of interactvity affordedby the physicalervironment. Also, given the samesetting,
childrenhada choiceof storytellingexperiencethey want,from simply listeningto a
story, to creatinga new story by rearranginghe elements.Furthermore] obsened
thatsimpleeffects,suchaslight andsound,canelicit highly entertainingatmosphere.
Thiswasa critical nding. | knew thenthatl wasoffering childrenthe ability to add
“magical” effectsonto their stories. For them, becausef the sensorsaand actuators,

their storiesreally couldcomealive in the StoryRoom
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5.3 The Sneetches

After the previouslow-techstories,afully interactve, semi-autonomouStoryRoom,
basedon the classicalDr. Seussstory “The Sneetche$,wascreated36]. This story

waschose#f by the child membersf the IDT.

5.3.1 The Story

The Sneetchedive on a beach. Somehave starson their bellies, while othersdo
not. The starbellied Sneetcheshink they are betterthanthe plain-belliedones. So
thosewith starsalonecould have fun, andthey alwayslooked down on the plain-
bellied Sneetches.One day, Mr. SylvesterMcMonkey McBeanshavs up with his
strangecontraptionsandhead\ertisesthathis machinewill putonastaronary plain
belliesfor just threedollars a piece. Of coursethe plain-belliedSneetchegump on
this opportunity But the original “better” Sneetchebecomeupsetbecausehereis
now no way to tell themapart! Coincidentally Mr. McBean hasanothermachine
that will take starsoff for ten dollars. The original starbellied Sneetchesll have
theirs starstakenoff. This causesa cycling of Sneetchegoing into one machine
anddirectly into anothey onegroupwantingto be different,the otherwantingto be
the same.Whenthe Sneetchespentall their money, thereremainsthe original two
groups.Mr. McBeanleavestheisland,laughingabouthow the Sneetchewould never
learn. But miraculously the Sneetcheslo learna greatlessonthatit doesnot matter

how they look on theoutside all Sneetchesanhave fun together

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

listsweredominatecby Dr. Seusditles.
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Figure 5.3: Our child designerdry out the SneetchestoryRoom. The box on the
left is the StarOff tunnel. The box in the middle is the Toy. And the boxeson the
children'sstomachsrethe Stars onthe Sneetchebellies.

5.3.2 The Interacti ve Version

In this prototypeStoryRoom66], childrenbecamehe Sneetcheby wearinga special
box (a Handyboard60] andlight bulb embeddedvithin a cardboardbox) on their
bellies. Insidethe SneetcheStoryRoomwerethe StarOn box, StarOff box, Narra-
tor, Mr. McMonke McBean andMoney props( gure 5.3). The StarOn and StarOff
propswere cardboardooxeswith coloredpapergluedover it. Attachedto eachbox
werea light bulb and a contactsensor The Narrator and Mr. McMonkg McBean
applicationgunningon separatéacintoshcomputersuttereddigitally recordedpas-
sagedrom thebook. The computerunningMoney wasconnectedo anLCD projec-
tor, and projectedan imageof a pile of mongy, with the Sneetchesn oneside,and
Mr. McBeanon theotherside( gure 5.4). Finally, thespecialboxesonthe children’s

bellieswerethe Stars thatcouldbevisible or not.

BecausestoryRoomsareinteractive, oneof the adaptationsvasthe additionof a Toy
prop. The Toy helpedcorvince thekids with starson their belliesto believe thatthey
weredifferentfrom thosewithout, andthat they could changetheir belliesby going
throughMr. McBeans machinesin effect,interactionswith the Toy madethechildren

feel asif they werephysicallyon theislandandthatthey werethe Sneetcheg gure
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Figure5.4: The projectedmageof Mr. McBean,the Sneetchesanda pile of money.
Whenerer a child crawls througha staron/off box, somemoney visually getsmoved
from the Sneetchessideoverto Mr. McBeans side.
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Figure5.5: A child with a Staron his belly “plays” with thetoy.

5.5).

Whenchildreninitially enteredhe SneetcheStoryRoom someof themstartedwith
a Star ontheirbellies(i. e.thelightbulb on their bellieslit up), while othersdo not.
Next, the Narrator programintroducesthe story. Thesechildrenexploredthe room
anddiscover the Toy. They alsonoticedthatthe Toy lit up only for thosewho have

starsontheir bellies,but not for thosewho do not.

Soon,Mr. McMonkeg McBeanintroducedhimself (via the wizard), andtold the chil-
drenaboutthe StarOn machine.Whena child, who hadno staron herbelly, cravled
throughthis machine,her belly lit up with a star; sheheardMr. McBeanthankher
for thethreedollarsshe“paid” him; shealsoheardthe “ka-chink” of a cashregister;
shesensedhe StarOn box lit up asshecrawled it; and nally, shesawv that some

of the Sneetchesmone/ hadgonefrom their pile over to Mr. McBeans pile ( gure
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5.4). And, whenshewentto thetoy, it lit up for her(wizard)! This story continued,
aschildrenroamthroughthe variousprops, until all the mone/ hadbeenspent,and

concludedvith somespeechefrom both Mr. McMonke McBeanandthe Narrator.

5.3.3 The Technology

The SneetchestoryRoomwasmadefrom low-techandhigh-techcomponentsThe
StarOn and StarOff tunnelswere madefrom cardboardooxes, and decoratedvith
coloredpapersandink drawings. Tapedto eachtunnelwerea contactsensorembed-
dedinsideathumb-shapetbam,andalight effector, embeddedvithin asemispherical
foam. Thesedeviceswereconnectedby telephoneavire to anErvironmentinterface(a
Handyboardnicrocontroller). The Interfacedeliveredthe world datato the Monitor,
via a serialport, andtriggeredaninput event. The monitor consulteda list of sensor
effector trigger rules, and, if necessarysentoutput signalsto the Interface,which

actuatedhe appropriatesffector( gure 5.6).

The SoundEffects Narrator, Mr. McMonkeg McBean and Money wereapplications
runningon differentMacintoshcomputerson a network. They communicatedvith a
Monitor program,usinga simple le basedmessagingrotocol. Whena StoryRoom
sa/vy applicationstarted,it registeredits identity andlist of servicesto the Monitor.
The (adult) programmenof the storyroomthenusedthis informationto createtrigger

rulesusingthe Monitor application.For example:if contactsensorA wason, trigger

1. SoundEffectto play the clashing-coirsound;

2. Mr. McMonkeg McBearto playthedigitizedsoundseggment‘threedollars,thank

you”;
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Figure5.6: A diagrammati@verview of thetechnologyunderlyingthe SneetcheSto-
ryRoom. The varioussoundgeneratingapplicationsresideon different Macintosh
computersn our lab andcommunicatevia a le-based messagingprotocolwith the
Monitor. The Money is attachedo a presentatiorprojector The monitoris an ap-
plicationthatrecevesinputsfrom sensorandissuescommandgo actuatorandthe
registeredapplications.The Stars areturnedon/off by a wizard-of-oz,usinganin-
fraredcontrol.
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3. Money to updatethe projectedimageby moving animageof a coin from the

Sneetchesideover to Mr. McBeans side;

4. Ervironmentinterfaceto blink thelight effectorA.

The Star bellieswere controlledvia infrared signal by a person(Wizard-of-Oz),
who signaledhe starsto appeanor disappeaaschildrenexit the StarOn andStarOff

tunnels.

5.3.4 Lessond earnedfromthe SneetchesstoryRoom

The SneetcheStoryRoomhelpedidentify threenecessarglementf theconceptual
storytellingconstructiorkit: props,low-techmaterial,andphysicalsymbolg(oricons).
A storyin aninteractive ervironmentneedsphysicalpropsto represenkey elements
of thestory. Thesepropsarenecessaryo concretizehestory. Childrenexperiencehe
enrichedstoryfrom thesephysicalinteractions For example aschildrencrawl through
the StarOn box andwatchthe starson their belliesglow, they begin to imaginethat

they weretransformednto the Sneetcheg gure 5.7).

Oneideathatsurprisedthe IDT wasthat childrenderived at leastasmuchfun from
building the propsasthey experiencedhe storyroom( gure 5.8). In part, this may
have beenbecauseahey were alreadyexpert builders of low tech material, suchas
cardboardoxes,glue,andcrayons.Theseactvities werenecessargtepsowardtheir

creative product,the StoryRoom.

Becauseembeddinghigh tech deviceswithin objectscanbe dif cult for youngchil-
dren,andbecaus@otall objectscanbemodi ed to holdthedevices,whatwasneeded
wasan alternatve to augmeni gure 5.9) ary physicalobjectswith computingabili-

ties. | learnedthatfor childrenbetweerseven andelevenyearsold, placingattractve
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Figure5.7: A wall sketchresultof a SneetcheRoomdesignsession.

Figure5.8: Two child designersvorking onthe StarOn box.
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Figure5.9: Someearly sketchef sensorswith shapesuchasthumb, nger, and
hand.

physicaliconson a physicalobjectwasconceptuallythe sameasaugmentingt with
computationahbilities. So, whena child toucheda hand(or thumb) physicalicon
attachedo a prop, shecould make-belige that shewastouchingthe prop. And, dur-
ing constructionwhena child connectedanicon to a prop, shewascastinga spell,

magicallyimbuing the propwith the computationafeaturerepresentetdy theicon.

5.4 StoryKit

TheseStoryRoomexperiencedhelpedto identify some,but not all, of the necessary
componentof the conceptuakonstructionkit (StoryKit) [2]. After the Sneetches
StoryRoom|] beganthenext phaseof my researchthatof designinganauthoringsys-
temfor physicalenvironments.Frommary designsessions, discoveredthatchildren
haddif culty creatingstoriesfrom nothing. But whenpresentedvith a few simple
ideas,they were ableto quickly weave intricate storiesaroundthem. Furthermore,
story quality seemedo correlatedirectly with the level of intrigue of the seedideas.

Hereweresomeexampleideas:half a pencil;atorn pieceof paper;a keyboardmiss-
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Figure5.10: 1deaCardshelppropelchildreninto developingstructuredstories.

ing thekeys T, O, andM; anda bow! of blue tomatoes.All theseideasareunusual.
Eachwasa mysteryuntoitself. Whathappenedo the otherhalf of the pencil? Why
wasthepapertornin half? Whotook outthe missingkeys? And how did thetomatoes

turnblue?

Interestingly it seemedhat someideasneededo be “plain,” suchasa simple box,
atennisball. Thesesimpleideassered to supportthe mysteriousgualitieswithout
addingto the complity of the story Theseseedsof ideawere called,Idea Cards.

They werethe next componenbf StoryKit.

The StoryKit wasmissingjustonemoreelementa programmingsystento de ne the

interactionsamongthe computationatlevices.

Now, the completedStoryKit would have thefollowing elements:

1. MysteriousandsimpleldeaCardsto helpchildrencreatestories( gure 5.10),

2. Materialsthatchildrencanuseto construcipropsfrom theseideas( gure 5.11),
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Figure5.11: Low techmaterialsareeasyfor childrento construciplay things.

Figure5.12: High-techdevicesembeddedvithin physicaliconsprojectmagicalqual-
itiesto achild.

3. Physicaliconsthatrepresentomputationabilitiesto augmentheprops( gure

5.12),

4. Programmingsystemto de ne theinteractionsamongthedevices( gure 5.13).
Hereis how childrenmight createa StoryRoom. They openthe StoryKit andselect
someldeaCardsweave astoryaroundtheideas;createphysicalprops,usinglow-tech

materialin thekit, to concretizeéheconceptsdecidetheinteractionghatshouldoccur;

augmenthe propswith interactve computationahbilities by connectinghe physical
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Figure5.13: An exampleof a child-unfriendlycontrol panelto de ne theinteraction
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-basedcontrol panelinterface calledthe Monitor. The controlpanel

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 actuatorsand sensorsvere hard-coded.The objectslist wasautomaticallygen-
erated,in real-time,and containedall the registeredStoryRoomsarsvy objectsin the
ervironment.A StoryRoomsavvy objectregisteredwith the Monitor its identity (e.g.
, ImageriesNarrator)andits services.For example,a Narratorobjectmight contain
the soundclips Detectve Brown narrationone, Detectve Brown narrationtwo, etc.
Anotherexampleis the Money objectin the SneethesStoryRoom(5.3.2),which re-
spondedo two commandsspendandreset.The spendcommandriggeredthe Money
objectto updatetheamountof money transferredo Mr. McBeans sideandredraw the
projectedimage. The resetcommandells Money to returnall the monegy backto the

Sneethesupdatetheimage.

Thewayto createrelationshipdetweersensorandactuatorsvasby adrag-and-drop

interaction.

1. Createanew relationshipby dragginga prop ontothe Relationshipgable.
2. Dragasensoifrom thesensotlist overto the new relationship.

3. Typeinto theTriggerValuecell a valuefor thesensoito actvateanevent.
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4. Selectfrom eithertheactuatordist or theobjectdlist, adesiredactivity anddrag

into the new relationship.

5.5 It Is Not Always About SophisticatedTechnology

From creatingPETSandthe various StoryRoomstheseexperiencessuggestedhat
perceptionvasmoreimportantthantechnologyto createa corvincing story erviron-

ment. It wasnot necessarilfthe level of sophisticatiorin technologythatfosterecthe
creatve andimaginatve thinking in our children. Instead,a technologycould create

attractve andentertainingstorytellingenvironmentswhenit hasthefollowing:

1. Toolsfor childrento becreatve.

N

. Theability for childrento affectandcontroltheir space.

w

. Simpleinteractions.

IN

. Waysto helpchildrenbegin stories.

ol

. Hintsto helpchildrenunderstandhe story.

(o2}

. Technologythatis physicallyattractve to children.

In PETS,the robot's physicalappearancerew childrennearit; they controlledits
emotionsandthespokenwordshelpedguidethemthroughthestory. In the Sneetches
room,childrenactively changedheirown appearancandtheir surrounding$y using
the props;theNarratorandMr. McBeanofferedbothhintsandexplainedto themhow
they wereinvolvedin the story; the contactsensorsveresimpleto detectandeasyto

changeandsincechildrenbuilt the props,they wereattractve to otherchildren.
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5.6 A Programming Systemfor Physical Interacti ve

Environments

Throughoutmy research| usedcrudeuserinterfacedo createthe device interaction
rulesfor the physicalervironment. It wasthe weakestcomponenif the StoryKit.

Not only wasthe applicationtextual, it alsorequiredheary manualediting. Clearly
the programmingnterfacesvereinappropriatgor youngchildren. In fact, wheneer
the children nished a StoryRoomprototype,they neededny help to manuallycre-
atethe interactionrulesfor the ervironment. Sincemy goalwasto provide a kit for
childrento be completelyautonomousn their creatve actvities, | beganwork on a
new programmingapproactior childrento controlStoryRooninteractionsThelDT's
brainstormingactuities led to threeconceptualiserinterfaces:1) arronv notes( gure

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

to timeline, | will describgustthe Arrow-Noteandthe Comic-Stripinterfaces.

5.6.1 Arr ow-Notes

The arrowv notesuserinterfaceusedcoloredboxes. The boxesrepresenteabjects,
events,and branchingtests. Overlappingboxes createdrelationships.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 arronvs were usedto indicateconcurrent

events.
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Figure5.15: An exampleArrow-Notestyledprogram.Thesenotesrepreseng portion
of theprogram,andit is interpretedas: If thebuttononthedooris pushedthena)turn
thelight on,andb) makethe speakesay“Who'sthere?”
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Figure5.16: An exampleComic-Stripstyledprogram. This strip represents typical
programmingstatement. Thebefoe frameshavsa oor basedcontactsensoralight
actuatorandaspeakerall in theoff position.In addition,theleg indicatesatriggering
condition. The after frame shavs whathappengo the roomwhenthetriggeroccurs.
Thelight comeson andthe speakemakessounds.

5.6.2 Comic-Strips

The Comic-Stripfollowed a programming-with-eémonstratiorapproach.Similar to
KidSim [21], it usedbefore and after framesto indicateactivation rules. In gure
5.16,the frame pair means,'When | stepon the sensorthatis on the oor, thenthe
light shouldcomeon andthe loudspeakeshouldmakea sound. Noticethatit was

possibleto createcomplicatedrulesinvolving multiple sensorandmultiple effectors.

5.6.3 Take Away the Screen

Thesedesignsrepresentwo visual programmingcateyories. The arrowv-note is a
o wchart,andthecomic-stripis avisualproductionsystem.Thefactthatthey werethe

designresultsof anintergenerationatlesignteamsuggestedhatbothadultsandchil-
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Figure5.17: A conceptuabtorybox.To theleft wasa StoryWorm madefrom individ-
ual worm segments. The headof a worm would “remember”a story Eachsegment
“remembered’a line (or interactionrule) in the story, The o wer wasa microphone
for childrento recordsounds.The monitorin the centerwould displaythe different
linesof astory Eachline correspondetb aworm segmentnext to it.
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Figure5.18: Someconceptualconic sentencesThetop line means'pressthe o wer
andthelight staysonfor 15 second$. Thethird line means'whenthe cameraandthe
cupareneareachother thelight comeson andthe earwill listen?”

drenwereableto understandhesetwo visuallanguagesGiventhesetwo promising
conceptdor agraphics-basedrogramming-with-gamplesystemthe DT developed
somescenariovalkthroughgo gaininsightsinto the programmingactuvities within a
physicalervironment.Somequestionsstill remained:Shouldchildrenusethe graphi-
calsystemsastheprimaryinputmodelfor programmingandthendelug by interacting
with the physicalicons? Or, shouldchildreninteractdirectly with the physicalicons
to demonstrat@rogrammingntentions,andthenusethe graphicssystemfor review

andediting?

An interestingthing occurredduring thesebrainstormingsessionsEitherthe children
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werent using the screenat all, becausdhey preferredthe tangible elementsof the
programmingsystem.Or, they keptdividing their attentionbetweenthe physicalin-
teractionsandviewing the computerscreerto seewhetherwhatthey weredoingwas
beingcorrectlymonitored.In the rst casethe screerbecamesuper uous.While in
the secondthe act of alwaysgoing backto the visual display madefor an awkward
programmingprocessl reliedheavily on pictorial representationf programmingoe-
causeit wasconceptuallyeasierto understand.The surprisingobsenation wasthat
children apparentlyneededo makementalconnectionbetweenthe symbolson the
screenwith their physicalcounterpartsn their ervironment,andnot all the children

we workedwith hadthis ability yet.

So, couldit bethatfor children,a programmingsystemthatrelieson direct physical
manipulationof concreteobjectscan be more natural? Educatorshave for a long
time postulatedhat concreteearningis innatein youngchildren,andeffective even
asthey progressinto abstractreasonerge.g.,[85]). At this point, | suggestedhat
youngchildrencanandshouldusedirectphysicalactionsto authorStoryRoomsfrom

constructingoropsto programmingnteractionrules.

It wastime to takeaway the artifactsof corventionaldesktopcomputinginterfacesin
the next chapter | will describea completelyphysicalprogrammingapproactthat|
developed.After that, | will describethetwo studiesthathelpedcorvince methat1)
a concreteandphysicalprogrammingmetaphoicanbe easyto understand?) kinder
gartenstudentanbecomeprogrammersisingthis approachand3) they cancreate

customizedlevice behaiorsin their physicalervironments.
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Chapter 6

Physical Programming

In the Introduction, | presentedhe ideaof physical programming by way of this

working de nition.

Physicalprogrammingis the generationof computerprogramsby the
physicalmanipulationof computationallyaugmentedor aware) objects

in a ubiquitouscomputingervironment.

| alsodescribedin Chapter5 the motivation for developing this programmingap-
proach.But | have not speci ed the elementsf the language suchasgrammarand

alphabetln this chaptey! will:

1. Discussthe relationshipof physicalinteractve ervironmentto theoreticalma-

chines.
2. Re ne thede nition of physicalprogramming.

3. Describeanimplementatiorof the physicalprogramminganguagewithin the

StoryRoomcontext.
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4. Describethe enablingtechnologybehind StoryRoomand physical program-

ming.

5. Discusghelimitation of theimplementedanguage.

6.1 PhysicalInteraction Environmentsand Automata

Conceptually a physical interactive environment (PIE) is a physicalervironment
that containsdevicesanda setof instructions.The devicesare sensorandactuators.
The instructionsdictatethe behaior of the devices. Ubiquitouscomputingerviron-

mentis aninstanceof physicalinteractve ervironment.SinceStoryRoonis aubicomp

ervironment,it is alsoa PIE.

A physicalinteractive ervironmentcan be composedf a) your home,b) a central
air conditioner and c) a thermostat. The ervironmentis the home. The thermostat
containsa temperaturesensoran actuatingmechanismanda temperaturesettingin-
terface.Thetemperaturehatyou setis aninstruction. The interactionmay work this

way:

1. Yousetatemperaturé\ for yourhome.

2. If theambienttemperaturedetectedoy the thermostatjs above A, actuatethe

air conditioner

3. If theambienttemperaturés ator belown A, turn off theair conditioner

The Sneethes StoryRoom(5.3) canalso be describedas a PIE. The physicalicons
suchasthumbsandlights aredevices. The instructionsresideasa softwareprogram

in the Monitor application.And theroomis the physicalervironment.
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6.1.1 Deterministic Finite Machine

Thesimplestautomatas thedeterministicnite machine Below | will shav thataPIE
andits componentsnakea nite statemachine.Then,l will shov how adeterministic

nite machinecanbeconvertedto aPIE.

Elementof aphysicalinteractve ervironmentcanbemappedo a nite statemachine.
The physicalelementsof the homeexample,the air conditioner the thermostatthe
temperaturesetting,and the house,makeup a physicalstatemachine. Let me now

presenthis moreformally.

De ne augmentedleterministic nite statemachine

PIE=(S, A, ,LE,Q, ,, ,Fas

S isthesetof sensorsn theervironment.
is thenumberof sensors.

A isthesetof actuatorsn theernvironment.
is the numberof actuators.

| is asetof orderedpairs. For eachorderedpair, the rst elemenis from
S, andthe secondelements a nite setof integersrepresentinghe

sensor possiblevalues.

E is asetof orderedpairsthatrepresentshe nite setof possiblevalues

for eachactuator

Q is the nite setof stateseachstate is a setof orderedpairs.
In eachpair, the rst elementis anactuatorfrom A andthe second

elementis a valid value (de ned by E) of that actuator Eachstate
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containsonepossibleinstantaneousoncurrentaluesof all devices
in A.

is the alphabet.Eachalphabetharactelis a -tuple. Eachelementof
the -tupleisanorderedpair, in whichthe rst elementof thepairis
asensor andtheseconclementvalid value(de ned by ) for
thesensor . Thus,a -tuplerepresentsneuniquesetof concurrent

valuesdetectedy all thesensorsn the physicalernvironment.
is thetotal transitionfunction.
is the startstate.

F isthesetof acceptingstates.

Notice that an input string for PIE is simply a temporalsequencef -tuples. The
startstate is an arbitrarymomentin time, immediatelybeforeall the sensorsand
actuatorsareturnedon. In my homeexample,the input would simply be a string of

temperatureeadings.

For StoryRoomsaspeciapurposePIE, thesemantic®f F is determinedby the“story”
craftedby the storyteller If a storyis never ending,then,F is empty If astoryis a
mysterywith a solutionending,thenthatendcanbe anacceptingstate.In short,the
statusof a stateas acceptingor not is at the semanticlevel of the story but is not
restrictedoy themachine.Thereis anothemwayto look at this. Consideravery simple
setup.You have akeyboard,a monitor, anda basictext editorprogram.The keyboard
is a sensor;the monitor is an output; and the text editoris a nite statemachine.
Supposethat every time you pressa key, the text editor outputsthe corresponding
alphabetonto the monitor. Here, a naturalacceptingstatewould be somemeta-kg

combinationwhich savesthe stringto disk.
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ThetransitionfunctiondescribesherelationshipdetweerSandA. In thePIE, sensors
(or timers) are neededo activate a transitionbetweentwo states. A side effect of
this transitionis thatthe settingsof the actuatorgi.e., sound,light, wind, or springs)
change.Note thatthe alphabet andQ canbe extremelylarge. While this is not a
theoreticatoncernijt is certainlyanimportantpracticalissuefor ary implementations.
Take StoryRoomand its children usersas an example. A light sensormay trigger
ary integer valuesbetweer0 and 100, where0 is completedarknessand 100 is full
brightness. Supposechildren only caredaboutdark and light, and they don't care
aboutthe gradationsn-between.Or, they just wantedto turn a light effectoron and
off. In bothcasespnly 2 outof 101 possibleinputandoutputvalueswere“practical’
How to reducethe sizesof | andE, andcorrespondinglyof andQ, thenbecomes
human-computenterfacequestionfor the designteamto answeyto Iter outwhatis

meaningful whatis necessarywhatis frivolous,andwhatis redundant.

As anexample,theair-conditionechomecanbe representethis way.

ACHome= (S, ,A, ,LE,Q, ,, ,F)
S = Therm.
=1.
A =
=1.

| = . For simplicity, | amusinga thermometethat

canreportonly threepossibletemperatures.
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Figure6.1: The statediagramfor thehomeexample.

is thetotal transitionfunction ( gure 6.1).

is the startstate.

The statediagramis an encodingof the instructionsof a PIE. It tells us that given
aninput charactefthermometereading)anda sourcestate,move to a new stateand
activate the actuatorsof this new state. As a shorthand,| will referto a physical
interactve ervironmentinstructionas a Physical Interaction Instruction with the

following de nition.

De nition 2 A Physicalinteractioninstructionis onestatetransitionof thedetermin-

istic nite madineencodingof a physicalinteractiveervironment.
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Thus,a PIE's setof physicalinteractioninstructiongPIl) describeghe environments
interactve behaior. Usingthe statediagramof the homeexample,we canseethat
onePll is: if thethermometers readinga temperaturef 3 andthe air conditioneris

off, thentransitionto the“air conditioneris on” stateandactivatetheair conditioner

6.1.2 Transformation of DFA to a PIE

Thetaskof transformingof a deterministic nite automatorto a Physicallnteractve

Environmentis to corvertDFA = (Q : : ,F )intoPIE = (S,
!A1 ’I! ElQ’ ) ) !F)'
1. Assemble binary valuedsensorcomponentssuchas push-tutton. Let
thissetof sensorbeS,and = .1=S 1,0

2. Assemblean actuatorcomponentcontainingtwo sub-assembliesl) a binary
valuedactuatoy suchasafan, and2) alight bulb. Let the sub-assemblg light
bulb bethe acceptorlight. Usethis actuatorcomponentsthe startstate . If

thestartstate is anacceptingstate turn onthe acceptoright on

3. Assemble  binaryvaluedactuatorcomponentsasin step2. Let this setof
actuatordeA, andlet = . Turnontheacceptoiight for any actuatomhose
correspondingtatein the DFA is accepting.F is this setof actuatorswith the

acceptotighton.E=A 1,0

4. Qis asetwith sets.Each Q is asetcontaining couples.Construct

thisway:

for each Q
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forj=1to

assign tothe rst elemenibf thecouple.

if i =] thenassignl to the2ndelementof the couple,elseassigr0.
next

next

. Toconstruct , rst enumeratéhe possiblecombinatiorof concurrenvalues

of thesensorsn Sasan -bit binarystring. Thencontinuewith:

for each -bit binarystring
createa -tuplecontaining -couples
fori=1to

assigns  Stothe rst elementof the couple

if bit thensetl to the2ndelemenif the couple,elsesetO.
next
next
. To corvertthetransitiontable for into atable for , changeeach
row in
from

to

111



6.1.3 A MoreGeneralDe nition of the PIE Deterministic Machine

ThePIEin 6.1.1representamachinghatonly inspectghesensorsn theervironment
to determindransitions. A moregeneraimachinewould be ableto decidea transition
basedon the currentvaluesof both the sensorsAND the actuators.For example,a
physicalinteractioninstructionmightsay “if contactsensolA is onandlight actuator

X is off thenturnlight actuatorX on”

Thismoregeneramachinecanbedescribechsanaugmentedlieterministicnite state

machine =(s, .,A , ,LEQ, ,, ,F

S isthesetof sensorsn the ervironment.
is thenumberof sensors.

A isthesetof actuatorsn theernvironment.
is the numberof actuators.
= +

| is asetof orderedpairs. For eachorderedpair, the rst elemenis from
S, andthe seconcelements a nite setof integersrepresentinghe

sensor possiblevalues.

E is asetof orderedpairsthatrepresentshe nite setof possiblevalues

for eachactuator

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

In eachpair, the rst elementis anactuatorfrom A andthe second
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elementis a valid value (de ned by E) of that actuator Eachstate
containsonepossibleinstantaneousoncurrentvaluesof all devices
in A.
isthealphabetlt containsothsensoandactuatorsEachalphabets a
-tupleof orderedpairs.In the rst  orderedpairs,the rst element
isasensofrom S andtheseconcelementvalid value(de ned by )
of thesensaorin theremaining pairs,the rst elemenis anactuator
from A andthe secondelementa valid value (de ned by E) of the

actuator

is thetotal transitionfunction. the transitionfunctionof PIE.
is the startstate.

F isthesetof acceptingstates.

6.1.4 Automata With Memory

| have just shavn that a PIE is a deterministic nite machine.Canthe PIE be more
powerful? The differencebetweena nite machineandall othermore powerful ma-
chinesis acces$o memory Justbeyondthe nite machinestheone-countemachine.
It is a nite machinethatcanreadandincrement/decremeittegervaluesto a single
memoryslot. This may not appearexciting, until you realizethatif a PIE hasthis

memoryandits correspondingperationsit canhave atimer/counter/clock.

The next machineis the pushdown automatgPDA), with accesdo a stack. But its
power derivesfrom the unattainablephysicalattribute of an in nite stackmemory
This appeardo be a lost cause.But, we aresaved by a two-countemrmachine.This is

similarto theone-counteexceptit hastwo independenmemoryslotsto holdintegers.
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Turns out the two-countermachine,with just 2 slots, can emulatethe PDA. More

incredibly, it canemulatea RAM machine'.

This is truly amazing. If a PIE canemulatethe two-countermachine,thenit is as
powerful asary others.But whatgoodis memory?Whatelsecanwe do in addition

to having atimer?

Thefollowing examplewill perhapsevealaverynicepropertyof “memory” Suppose
we have a PIE enabledhousewith n rooms.Insideeachroomis 1 togglelight switch.
Now, supposeve wantthis PIE to traceour actiities and executeaccordingto this
rule: In whatever orderl turn thelight on, whenl exit the house the lights shouldbe

turnedoff in thereverseorder

Of coursewe canencodethis problemasa nite statemachine.But, it canbe quite
large, to the orderof O(n!). On the otherhand,a PDA can offer a more compact
solutionby pushingthe identitiesof the switchesontothe stackasthey areturnedon,

andturningthelights off astheir identitiespop off the stack.

Thecounting stack,andRAM machinesaremorepowerful thantheFSAbecaus¢hey
rememberandthey canmakedecisionsaboutthe future by revisiting the past. Soit
would bein my interestto addmemoryto the PIE. | canevengetaroundthe problem
of in nite memoryby usingthetwo-counteremulator But EmulatingPDA andRAM

requiresmary stepsin the two-countermachine,and sinceeachof thesestepsmay
correspondo somephysicalprogrammingactuities in the PIE, a PIE equivalent of
the two-countemachinemay be unwieldy. For now, let me just takea look at a PIE
with a nite tape. (Unlike theoreticalmachinesthe physicalervironmentis a nite

place.)

1Thevariousmachinesarevery nicely describedn Floyd andBeigel's text [34].
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This PIE with a nite tapecanmakedecisionabouta statetransitionbasedon the
currentof sensorsactuatorsAND a recordechistory! With this new capability we
canencodestatementsuchas: If sensorsA andB have never beentriggered,acti-
vateactuatorX. Therearesomemore powerful implications. First, we cansupplya
looping constructinsteadof attening outarepeatedequencef commandswe can
collectthesequencandimposea countingmodi er. In addition,thetapesupportshe

variable construct.

But now comeghedif cult part. For children,whatarethe physicalsymbolsof mem-
ory? Whatkind of tools, metaphorsandinteractionrulesdo we needto supportthe
manipulatiorof bothreadingandwriting memory?Thiswasthe nal partof my work
andit becamammediatelyclearto methatmuchmoretime wasneededor boththe
adultsandthe child designergo work on this problem. Thereweretwo outstanding
issues.First, the adultswere unableto clearly communicatehe ideasof memoryto
children. And second prior IDT work that wererelatedto this problemresultedin
comple andcorvoluteduserinteractions.Therefore atthis moment becausef time

constraints| cannotcurrentlyoffer ary de niti veinsights.

6.2 A Re ned Physical Programming De nition

Theworking de nition of physicalprogrammingncludeda rathervagueterm: com-
puter programs.Basedon my discussionin 6.1.1,1 canreplacecomputerprograms

with physical interaction instruction. Now are ned de nition is:

De nition 3 Physicalprogrammingis the geneation of physicalinteraction instruc-
tions by the physicalmanipulationof computationallyaugmentedor aware) objects

in a ubiquitouscomputingervironment.
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Thede nition of nite machineonly describeghe contentof the transitiontable, but
not how thetable's contentis “written” or created.Similarly, thede nition of a phys-
ical interactve ervironmentalsodoesnot sayarything aboutcreatingphysicalinter-
actioninstructions6.1.1. This is wherephysicalmanipulationand geneation come
in. Ratherthanusingthetraditionalmodelof a usertyping or draving programcode,
| wantto explore new waysfor the userto createprogramcode(physicalinteraction

instruction)by way of syntacticallymeaningfulphysicalgestures.

De nition 4 Physicalsyntaxs a setof physicalgestuesthat are usedto interactwith

computationabbjectsin order to createphysicalinteractioninstructions.

Similar to the text editorsusedto createcorventionalprogramcode (Java, C, etc.),
Physicalprogrammingalso requirestools for the userto createthe physicalinstruc-
tions. In thenext section,| describeoneimplementatiorof physicalprogrammingor

StoryRoomsandits suiteof programmingoolsandphysicalsyntax.

6.3 Implementation

Becausehe StoryRoomwasdesignedor youngchildren,its programmingoolswere
tailoredto their abilities. Onemetaphoithatworkedwell with the IDT child partners
wasmagic. Thatis, asa child wascreatingphysicalinteractioninstructions shewas
castingmagicspells Furthermoreshecould createmagicwhenshewasa wizard,

but not at othertimes.

The programmingtools to supportthis approachwascomprisedof a setof tangible
toolsandicons Thetoolsincludeda 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-timdéever was a large switch
for turning on/off the StoryRoommachine. The magic wand was usedto generate
physicalinstructions. The iconswerethe sensorsaand actuatorssuchashand,light,
fan, foot, andblinker. The shapeof the iconsimply functionality that could be used
to augmeninteractvity onto props.For example,a handimpliestouchableablinker

implies“look here’.
The primitive physicalgesturegor StoryRoomswere:
1. Wearthe hat. Enterthe programmingmodeof StoryRoom.
2. Putthe hatback.Exit theprogrammingmodeof StoryRoom.
3. Pull theonce-upon-a-timé&ver down. Activatethe StoryRoommachine.
4. Pull theonce-upon-a-timéevel up. Turn off the StoryRoommachine.

5. Pressthe new-spellbutton locatedon the magicwand. Starta new physical

interactioninstruction.

6. Wave magicwandover anicon. Includethisiconinto the currentphysicalinter-

actioninstruction.

The physicalsyntaxfor creatinga physicalinteractioninstructionwas:

Pressthe new-spellbutton.
For eachsensor/actuatdahat! wantto includeinto theinstruction
Wave the magicwandover the object.

Next

117



The StoryRoomhad two distinct modes: authoringand playback. In the authoring
mode,the programmingsystemcapturedactiities and saved interactioninstructions
into a database.In the playbackmode,the systemmonitoredsensoreventsandre-
ferredto this databaseo trigger actuators.A child initiated the authoringmode by
becominga wizard. Whenshewore the wizard's hatfrom a “magic table” andtook
themagicwand,shebecame wizardandcould castspellsontothe physicaliconsin
the StoryRoom.By returningthe hatandthe wandto the magictable,sheturnedoff

theauthoringmode( gure 6.2).

To createrelationshipsamongthe physicalicons, the child wizard waved the magic
wandover ary iconsthatshewantedto bewithin aninstruction. For example,if the
wizard wanteda bluelight to turn onwhenaredhandwaspressedshe rst presses
new-spellbutton on thewand. Then,shewavedthe wandover boththe bluelight and
theredhand.To the child wizard,shehadjust createdinvisible wires” betweerthese
icons so that the red handhad control over the blue light ( gure 6.3). A generated

physicalinteractionruleis:

The new-spell button was the programminglanguageequivalent of the semicolon.
Eachpressof the button 1) closedthe currentlyrecordedsetof sensorandactuators,
and 2) began anotherphysicalinteractioninstruction. Multiple sensorsor actuators
within arule weretreatedto have AND relationships.Whenseveral rulessharedhe

samesensorthey wereinterpretedo have ORrelationships For example,givensen-

sorsA, B, C, D, andactuatorsX andY, if | wantX to be actuatedvhenA, B, andC
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Figure6.2: A child creatinginteractionrules. By wearingthewizard's hat,sheknows
thatshecancreatemagic. The magicwandgivesherthe power to create“invisible”
wiresto connectdifferenticons. Here,sheis waving the wandover a physicalhand

icon.
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Figure6.3: The naew-spellbuttononthe magicwandletschildrencreatemultiple inde-
pendeniphysicalinteractioninstructions. The yesandno sidesweremodi ers to the
selectionactionof the wand. Yes meantincludethe positive actionof anicon into a
rule. No meantincludethe nggative actionof anicon. (If aniconwasnot selectedy
thewand,it wasconsidered don't care.)
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Figure6.4: A physicalprogrammingexample.Givensensor#\, B, C, D, andactuators
X andY, actuateX whenA, B, andC aretriggeredsimultaneouslyThe rst stepis to
pressthe new-spellbutton.

Figure6.5: Steptwo: wave the starsideof thewandover sensolA.

aretriggeredsimultaneouslythenl would pressthe new-spellbutton, wave thewand

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

Thecorrespondinghysicalinteractioninstructionsare:

Figure6.6: Stepthree:wave the starsideof thewandover sensomB.
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Figure6.7: Stepfour: wave the starsideof thewandover sensolC.

Figure6.8: Step ve: wave the starsideof thewandover actuatorX.

Notice that with the physicalapproach, ve simple gestures—onéutton pressand

four waves—createdheeightphysicalinteractioninstructions.

If I wantX to be actuatedvheneither A or B aretriggered,thenl would pressthe
new-spellbutton, wave the wandover A and X; followed by new-spellbutton, and
wave wandover 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. Givensensor#, B, C, D, and
actuatorsX andY, actuateX wheneitherof A andB aretriggered.Again,the rst step
is to pressthe new-spellbutton.

Figure6.10: Steptwo: wave the StarSideof the Wandover SensorA.

Figure6.11: Stepthree:wave the starsideof the wandover actuatorX.

Figure6.12: Stepfour: pushthe new-spellbuttonfor anew rule.

Figure6.13: Step ve: wave the starsideof thewandover sensoiB.
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Figure6.14: Stepsix: thestarsideof thewandover actuatorX.

The magicwandhadtwo terminals:the starside(Yes)andthe X side(No). Thestar
sideimposeda positve modi er to the attribute of the physicalicon, whereaghe X
sideimposeda negative modi er. For example,givensensordA, B, C andactuators
D, E, if | wantE to activatewhenA is triggeredAND B is not triggered,| would
wave the starsideover A andthe X sideover B. A device thathasnotbeenselecteds
considereca don't care. Note: The X sidewasonly implementedn a wired version

of the physicalprogrammingools.

6.4 The Enabling Technologyto Support Physical Pro-

gramming

Physicalinteractionsaarefundamentain the StoryRoomwhetherthey 1) occuramong
the physicaliconsandchildren,2) amongthe physicaliconsthemseles, 3) between
propsandthe children,or 4) amongchildrenthemseles. | designeda systemto sup-
portthe rst two casesyhich requiredembeddedlevices(within physicalicons)and
acommunicatiorprotocolto controlthem.In doingso,l cameto understandhatthese

deviceshadto beruggeddurable andpredictablen behaior.
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Figure6.15: The componentgo a StoryRoomicon controller (left) andthe compo-
nentsof a StoryRoomicon (right).

6.4.1 EmbeddedDevices

Theembeddedlevices,or “icon controllers, consistedf severalcomponentg gure

6.15):
A printedcircuit board(PCB)with micro-controllerandvariousgenerakircuits
for communicationgndsensors.
A batterycircuit board.
A wirelesscommunicationsnodule.

A driver circuit boardwith customcircuitsfor controllingthe sensorandactu-

atorsof aspeci c type of StoryRoomicon.

Themulti-layerPCB micro-controllerandbatterycircuit boardsveredesignedy Eu-
geneChipman(agraduatestudenin thedepartmenodf computeiscience)andprofes-
sionally manufacturedThe polymerrechageablebattery with a packagegrotection
circuit, provideda minimum of 4 hoursoperationwithout rechaging. Thedriver cir-

cuit boardswerebuilt in ourlab from basicelectroniccomponentsandusedexternal
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batteriesto drive the higher power consumingactuatorssuch as lights and motors.
Thesefour componentstackvertically into a single packagdessthan1” in height
andwere enclosedwithin a2” 4" plasticbox and embeddednto a foamy iconic

shell.

A sophisticatedvirelessmodem,the WIT2410 WirelessModule from Cirronet, Inc.
[www.cirronet.comjwas chosen primarily becauset had extremelylow lateng. It
also had good bandwidth,reasonablesize and power consumption,a packagethat
eliminatedmostof theRF designchallengesandon-boardnanagemerdf thewireless

protocol.

Therewasanunexpecteddesignchallengethe placemenof the power socketandthe
on-off switchof the embeddedievice. In orderfor the physicalicon to notrevealthe
technologythefoaminterior couldnot have anopeningfor chagingthebatteryor one
for turningthedevice on/off. This meantthatwe hadto constantlyremove the devices

from its outershelljustto performsimpletasks.

6.4.2 Communication Protocol

A StoryRoomapplicationranon a singlecomputerandmonitoredthe actvities of the
ernvironmentandcontrolledthe statef theicon controllers.Communicatiorbetween
the StoryRoomapplicationandthe physicaliconsfollow athree-layeregrotocol( g-

ure 6.16)similar to the TCP/IPNetworkmodel[104]. Theseinclude: 1) the wireless
layer, similar to the link andIP networklayersin the TCP/IP model, 2) the network
layer, similar to the TCP networkandtransportlayers,and 3) the applicationlayer.

The WIT2410modulesprovided the wirelesslayer. Networklayer software,running

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

vided delivery of applicationlayer messagesApplication layer softwarein theicon
controllersexecutedincomingapplicationmessageand generatedutgoingonesas

needed.

6.4.2.1 The WirelessLayer

TheWIT2410wascon guredto operatén a point-to-multipointmodewherethebase
unit (attachedto the computerrunning the StoryRoomapplication)could sendand
receve datafrom eachremote(attachedto anicon controller). Remotessendand
receve dataonly with the base.The basetransmitteca broadcasthereevery remote
unitrecevedthedata.Units sharedhe RF channelsingtime division multiple access

(TDMA).

6.4.2.2 The Network Layer

The networklayer managedielivery of messagesegardlessof whetherthey origi-
natedfrom the applicationor anicon; however, a differentpacketstructurewasused

for each. Packetsoriginating at the applicationcould carry multiple message$ g-
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Figure6.17: Applicationoriginatedpacketformat. Eachpacketwas12 byteslong.

Figure6.18:Iconoriginatedpacketformat. Eachpacketwas8 byteslong. Theack/seq
eld indicatedwhetherthe messagevasanacknavledgemenof an applicationmes-
sageor wasanicon originatedmessage.

ure 6.17). Thesepacketscould be destinedfor a singleicon or could be broadcast
to groupsof icons(or all icons). Packetsoriginatingat anicon carriedonly a single

messagéeo the application( gure 6.18). In both packettypestherewasa sequence
numberthatrepresentethe numberof packetsentby a speci c origin. Thesequence
numbercould be usedfor checkingthe orderof arriving messageandwasnecessary

for afutureimplementatiorof the networklayerthatwill provide guaranteedielivery.

6.4.2.3 The Application Layer

The applicationlayer provided a messagdormatfor the applicationto con gure and
controliconsandfor iconsto provide bothpolled andevent-driveninformationto the
application. Eachapplicationinbound/outboundnessagevas handledby individual
threads.Thereador updateoperation®n theapplications device databasaverecon-
trolled by semaphoresMessagegould containinstructioncodes,servicecodesand
data. Theinstructioncodewasusedto determinethe function of the message Ex-
amplesincludediscorvery, inbounddata,andoutboundsetdata. The applicationcould

generatenstructionsfor settingor requestinghe statusof serviceparameterssetting
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defaultservicevaluesfor anicon or issuinga resetcommando anicon. Iconscould
generatenstructiondor registrationwith theapplicationandfor reportingapplication-
requestedr icon-generatednformation. Servicecodeswere usedto identify icon
speci ¢ functions. Someexampleservicesncludetouch (handicon), intensity (light

icon), andselectediconsduringthe programmingmode).

Themostcommoninstructioncodeswere:

discovery An embeddedievice sendghisicon-originatednessagéo theapplication

to registeritself.

inboundData Am embeddedlevice sendshis icon-originatedmessagéo the appli-

cation.

outboundSetData An applicationoutboundnessagéor embeddedlevicesto update

theirinternalvaluesandactuatephysicalchangesf necessary

outboundRequestDataAn applicationoutboundmessagéo requesthecurrentstate

datafrom anembeddedievice.

inboundReplyWithRequestedData The complemento outboundResetDatapem-

beddedevicereturnstherequestediata.

outboundResetDataAn applicationoutboundmessagdo resetthe target device(s)

internalvaluesandactuatephysicalchangesf necessary

Eachdevice couldsupportoneor moreservices.The mostcommonservicesvere:

intensity Primarily supportedy actuators.

touched Primarily anattribute of contactsensors.
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selected Supportedy all devices.Usedduringtherecordingphase.

includeThisDevice Usedduringtherecordingphasegeneratedby a proximity sens-

ing device (magicwand).
beginProgramStatement Usedduringtherecordingphase.
broadcastserviceack All devicessupportthislow level synchronizatiorservice.
singledevice ack All devicessupporithislow level synchronizatiorservice.

discoverysynchronization All devices supportthis low level synchronizationser

vice.
deviceType All devicessupportthislow level synchronizatiorservice.
deviceColor All devicessupportthislow level synchronizatiorservice.

proximity Supportedy proximity sensingdevices,suchasthe magicwand.

6.4.3 Icon Controller Hardware and Software

The 17C756Amicro-controllerfrom Microchip, Inc. [62] wasusedon theicon con-
troller board.In additionto the micro-controllertheicon controllerboardhadseveral
supportcircuits, includinga RS232driver andtwo 7-sgmentdisplaysfor delugging
purposes.One of the micro-controllers serial portswas dedicatedo the WIT2410
wirelessmodule. The otherserialport wasusedfor communicatiorwith the applica-
tion computeyin the caseof the baseunit, or for control of sensomdevicesasneeded

in StoryRoomicons.

The digital input/outputof the micro-controllerwas usedfor sensorsand actuators.

Thedriver circuit boardhadcustomcircuits dependingn the device to be controlled.
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A commonsensolusedin StoryRoomsvasa simpleswitchthatranthrougha simple
circuit to provide alatchon the switch,which thendrove oneof the micro-controllers
digital inputs. Whenaninput changewasdetectedthe appropriatenessagevassent
to theapplicationandthe latchclearedio be readyfor the next event. Actuatorscould
be simplelights, which the controllerdrove througha transistorcircuit that provided
externalbatterypower to thelight. Otherdriver circuitsincludeda motordriveranda

circuitto driveglow ber.

In orderfor StoryRoomdo be a physicallyprogrammablernvironment,it wasneces-
saryto have physicaltoolsthatactedover physicalicons. The mostbasictool wasthe
“magic wand; which allowed childrento createicon groups( gure 6.19). Theterm
group is identicalto physicalinteraction instructionandis usedwhen| explain the
procesdo the children. The wandmustbe ableto detectthe proximity of othericons
andidentify them.The ATT usedaradiofrequeng identi cation (RFID) systemfrom
SkyeTek, Inc. This systemdetectedandidenti ed RFID tags,which areinexpensve,
passve, creditcardsizedpiecesof paperandwire thatwereinsertedinto StoryRoom
icons. Control of the systemwasthroughthe micro-controllerserialport, and RFID
readerdatawastranslatednto a messagéor the StoryRoomapplication. The magic
wandwasableto detectandidentify otherStoryRoomiconsconsistentlyfrom arange

of about4”.

| consideredwo possiblemethoddor trackingobjectsin the StoryRoonmernvironment:
1) proximity amongobjects,and2) objecttracking. Conceptually a proximity en-
ablingtechnologycontaingnultipletransponderwith uniqueidenti ers (tags),atleast
oneof whichis a“reader’” andatransferof datafrom thereaderto a data-processing
computer Whentagscomewithin the rangeof the readey the readeris ableto read

their identitiesandthensendthe datato the data-processoiRFID technologyis one
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Figure6.19: TheMagic WandandanunderlyingRFID reader

popularimplementation.

Conceptuallyawayto trackobjectlocationsin indoorervironmentss to strateically
placebeaconsroundthe ervironmentandto embedtranscerersinto mobile objects
(in my case,this would be the physicalicons). The beaconssendcontinuousand
uniquelyidenti ed signals.Eachmobile objectcancalculateits locationby decoding
andcalculatingthe differencesn the arrival timesof the signals. Theselocationdata

canthenbesentto a centraldata-processingomputer

Although the secondchoicewould offer moreinteractionpossibilities,| wasunable
to nd ary viable demonstratioror commercialsystemshat could be asreliable as
the simpler proximity sensingabilities of the RFID technology With regardto the
StoryRoom this wasnot a detriment,sincein physicalstoriesinteractionsusually if
not always,took placewhenobjectsinteractwith eachotheror with people. Thatis,

storyinteractionsverebuilt uponthe proximity of objectsto eachothet
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6.5 Limitations of the Implemented Language

The StoryRoomsandits physicalprogrammingool waslimited by two mainfactors:
1) theunderlyingmachinemodel,and?2) the choiceof userinteractiongi. e.,physical
syntax).SinceStoryRoomss a physicalinteractve ervironment,it is a statemachine.
As such,it lacksmemoryandoperation®on memory The physicalsyntaxwasincred-
ibly simple. It only involved ve kinds of physicalactions:presswave, pick up, put

back,andpull.

In 6.1.41 suggestedhat addingmemoryto PIE would introducedesirablefeatures
to the programmingefforts of physicalinteractve ernvironments. For example,with
only a countervariable,the ervironmentwould be ableto keeptrack of time, allow a
userto specifywhenanactionshouldoccur, or countthe numberof occurrencesf an
event. More memorycould provide more powerful programmingconstructssuchas
loop andsequencénto the physicalsyntax.But this extra programmingpower comes
at a costof morecompleity in physicalsyntax. For instance] do not believe thata
physicalsyntaxfor looping canbe aseasyasthe pressandwavecombinationsf the
nite statePIE. Evenif theprimitive physicalgesturesverethesameamorecomple

combinationof the gesturewvould probablybe needed.

The currentimplementatiorof StoryRoomis a PIE. Thatis, the physicalenvironment
only inspectghe currentsensovaluesto transitioninto new states.In orderfor Sto-
ryRoomto supportthe moregeneralanduseful PIE , | would needto modify the
pressandwavesyntax. Thisis becausehe PIE versionimplicitly groupsall the sen-
sorsinto the pre-conditionandall the actuatordanto the post-conditionof a physical
interactioninstruction. But in aPIE , sincethe actuatorscould appearin both pre-

conditionaswell asthe post-conditiorof theinstruction,thereneedso be a physical
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gestureto preciselyindicatewherethe actuatorsshouldbe assigned.This is actually
adif cult issue. Of the mary physicalsyntaxdesignedduringthe IDT sessionsall
weremore complicated(in termsof gesturecountand gesturetype) thenthe simple
pressandwaveof the PIE. Again,addingmore e xibility in themachinerequiresmore

complicatedyestures.

Physicaprogrammings notjustfor childrento createStoryRoomsPrudentchoiceof
physicalgestureprimitivescanoffer adultssimplewaysto control everydaydevices.
For example let me extendthe alarmblocksideafrom the Introductionto a hypothet-
ical setof blocksto control both a VCR anda microwave oven. This setof blocks
contains:1) hourblock, 2) minuteblock, 3) secondlock, 4) play block,and5) record
block. Now, supposé wantto heatup my dinnerfor threeminutes,| would placethe
minuteblock ontopthemicrowaveandturnit sothatl seethenumber3. Thenl would
placethe play block adjacento the minuteblock. This activatesthe microwave and|
am happyto have my dinner Usingthe sameblocks,| now placethe hourblock on
top of theVCR andturnit to seethenumber8. Thenl placetheminuteblock andturn
it to seethenumber30. Finally | placetherecordblock adjacento thesetwo blocks.|
have just setthe VCR to recordat 8:30. Of coursethesetwo examplesdo not address
importantinterfaceissuessuchas,how do | represen60 numberson a block. But the
point| wantto makeis thatwhile theseblocksarenot nearlyaspowerful asaremote

control,they canperformvery simpletaskssimply.
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Chapter 7

An Exploratory Study of a New Programming
Approachfor Kinder garten Childr en: Physical

Programming

After the early StoryRooms—FheRedBalloon TheSneethes andothers—Istill did
not have a clearvision of a children-usablgorogrammingsystemto de ne sensor
actuatorinteractions. | wasalso surprisedto nd that the picture basedprototypes
did not give childrena clearway to program. Fortunately asthe IDT's elementary
schoolageddesignpartnersdemonstratedjirectmanipulatiorof physicalobjectswas
a promisingdirection. This (programming)wasthe lastunsolhed elementof the Sto-
ryKit andbecamemy new goal: to develop a usablesystemandto nd out to what
extent kindemgartenstudentscould understandhe interactve natureof StoryRooms

andwhetherthey couldcreatecustominteractionsn their own stories.

This chaptercoversthe exploratorystudyl led on physicalprogrammind67], a phys-
ical userinterfacemetaphorfor usersto generatdanteractionrulesby the directand
physicalmanipulationof physicalicons. It wasconductedoothin HCIL, with IDT

membersandat the Centerfor YoungChildren(CYC), a preschoobn the University
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of Marylandcampuswhich fostersandsupportgesearctanddevelopmeniactiities.

In this early stage,| waslessconcernedvith the potentialeducationabene ts of the
technology | wasinsteadinterestedn whetherthe technologywas usableby these
very youngchildren.To understandherelationshipbetweerinteractive ervironments

andtheyoungchildren,| exploredthreebasicquestions:

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

ically interactve ervironmentsuchasa StoryRoom?
2. Canthey useor participatein analreadycreatedstoryin a StoryRoom?

3. Canthey usephysicalprogrammingo createa StoryRoom?

With the IDT, | useddescriptve and qualitatve researchmethods(further described

laterin this chapter)o answerthesequestions.

7.1 Participants

This studyincludedthreeparticipantgroups:1) adultresearcheR) elementaryschool
agedresearcherand3) preschooluser Theadultswereregular membersof the IDT.
At theresearclsessionsthe adultteamwascomposeaf ve people:two adultswho
facilitated the storytellingwith the children; one videographein the room; onere-
searchesituatedbehinda one-wayobsenationwindow usingthe computerto reactto
whatthe childrendid; andoneassistantwho helpedinterpretthe children’s actwities
whenthey becamaelif cult to seeor understandTheelementaryschoolstudentsvere
alsoregularmember®f thelDT. Normally, they think abouttechnologyfor their peers.

But this projectplacedthemin a moresigni cant role— designersf technologyfor
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peopleyoungerthanthey were—ando alsoconsidemwhethertheagedifferencenvould
have serioususabilityimpacts.This studyinvolvedtwo differentpreschookubgroups.
The rst wereinvited to HCIL for informal sessions.The next were studentsat the

kindemgarten.

7.2 SessiorStructures

After | identi ed the goal of a physicalprogrammingapproach) andthe IDT team
devoted numerousbrainstormingsessionsand developedthe rst semi-wizard-of-0z
system ncluding physicalartifactssuchasiconsanda magicwand( gure 7.2). Be-
causethe teamdid not have extensve working knowledgeof kindemgartenerdefore
the study the ATM invited two separategroupsof two kindemgartenagedchildren
(agesb-6) to ourlab ( gure 7.1)for informal obsenations. The adultsexplainedhow
the programmingiools worked,andobsened their explorationswith tools. Thetime
they spentusingthetoolswasunstructuredWe wantedto seewherethey led us. One
adultfacilitatedeachsessionfour adultstook notes,seven otherchildren(regularde-
sign partnersof the IDT) werealsonote-takerandperiodicallyaskedquestionsand

onechild designpartnervideotapedhe experience.

With theseinitial obsenations,the adultmembersjuickly realizedthatthe children's
explorationof the prototypemustbe structured Theideaof interactve storiesneeded
to be presentedvith increasinglymore abstractionsin orderfor usto understando
what extent children understoodhe technology One child designpartner(age11)
wrote, “I don't think they got it whenwe started. When| shaved them something
it madesensethen. | think it wasgoodwhenthey did it with me. Thenthey had

somegoodideasto shav us” The notion of a physicalinteractve ervironmentwas
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Figure7.1: Priorto visitsto thelocal kindemgartenthe ATM ne-tuned possiblenter-
actiontechniqueswith two pairsof childrenin the sameagerange.

conceptuallydif cult to understanéndstill somevhatuncommonsoto startoff with
the idea of programmingone wasdif cult to graspfor children (and mary adults).
Thereforeghesessionsitthekindegartenthatfollowedthesanitial sessionsontained

threeparts,which corvenientlycorrelatedo thethreeresearchguestionof the study:

Childr enasAudience An adulttold anexamplestorywith a StoryRoom.

Childr enJoined Adults as Storytellers Thechildrenretoldthestory, sothatthey get

to play with the propsandsqueezéhe physicalicons.
Childr enasPhysical Programmers Childrenwere shaovn how to programwith the

physicaliconsandwereaskedo makeup a story.

The adultmembersconductedour subsequergessionsvith the structuresdescribed
above, atthe kindemarten.In total, this studyincluded11 kindemgartenergages4-6)

(table7.1). Sevenwereboys,four weregirls andeachgroupincludedonegirl andat
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Figure7.2: Early Low-techdesignsessioron physicalprogrammingools.
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leastoneboy. The rst threegroupshadthreechildrenparticipatingandthelastgroup
hadtwo children. The rst threegroupsworkedwith researcheran averageof 13
minutes/sessiomndthelastgroupworkedfor 50 minutesto seeif therewereobvious

differencesn childrenwhenthey hadlongerexposureto thetoolsandprops.

Table7.1: Groupcompositionof the study

Group | Number of | Gender
Children

1 3 2 Boys,1Girl

2 3 2 Boys, 1 Girl

3 3 2 Boys,1Girl

4 2 1 Boy, 1 Girl

7.3 Wizard-of-Oz Prototype

In orderto understandf young childrenwho had not helpeddesignmy program-
ming tools could useits physicalmetaphorl, with the ATT, developeda mid-techor
wizard-of-ozprototype( gure 7.3)for thisformative study | thoughtit wasimportant
to havethe e xibility to experimentwith differenttechnologybehaiors dependingn
theuserinteraction.But | alsolearnedfrom mary low-techdesignsessionghatoften
the “wizard” (person)could not track the mary concurrentactuities in the erviron-
mentandreactappropriately Therefore,| developeda softwareapplication,written
in RealBasid83] on the Macintoshcomputer that allowed the wizard to de ne and
groupaction-reactionmuleson-the- y asthe childrenwereusingthetechnology The
wizard softwarebroadcastederialdatapacketsvia a 433 MHz RF Transcever con-
nectedo theserialportonaMacintoshiaptop. Thesesignalswerethenrecevedby RF

transcerersembeddedhn the physicaliconsandinterpretedoy BASIC StampMicro-
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Figure 7.3: Physicallconsfor programminga StoryRoom. From left to right: A
“hand” to makean objecttouch-sensitie; a “light” to makean object“light up”; a
“soundbox” to attacha soundto an object; a “magic wand” to signalthe authoring
mode.

controllerg[98]. Basedon the datacontentthemicrocontrollethencouldturnonand
off activatorssuchaslights, soundsandbuzzers.Thisimplementatiorsupportedne-
way communication so children pressingthe sensorspr tappingthe iconswith the
wanddid not actuallyactivateanything. Througha one-waymirror adultresearchers

obseredthe actionsof a child, andsentthe appropriataesponsdrom the computer

For exampleif achild pressedhehandandexpecteda light to comeon, it would.

7.4 Story for the Reseach Sessions

Basedon preliminarymeetingswith the invited youngchildren, The IDT designedca

storythatwasunderstandablandinvolvedtheinteractve technology

Hereis ThelreneStory

Narrator:“One day; Irenewashiking in the woodsbehindherhouse and

shewentfartherthanever before. Shebecamdost. Irenesav a cottage
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justupahead Shewalkedupto the cottageandsav a strangepurplehand
andpressedt.” [Narratorpresseshe purplehandphysicalicon. A purple

light placednext to afurry mouselightsup.]

Narrator: “She walks up to the purplelight, 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
shesqueezed andasks, Mr. Koala,do you know thewayto my home?”
[Narratorpresseshe greenhandphysicalicon. A greenlight placednext

to asnakdightsup.]

Narrator:“Mr. Koalasaid, | donotknow whereyourhousds. Maybeyou
shouldaskMr. Snake. Irenefollows the greenlight andseesMr. Snake.
Sheasksthe samequestion. Finally, Mr. Snakesays, Sure,l know just

theway. Come,follow mebackto yourhome”

Usingthis storyastheanchortwo adultinteractordedthekindemgartenershroughthe
threesessiorsggments. In the Children as Audiencepart, while the childrensatand
watched,an adult wasthe narratorof the story, pressingon the handphysicalicons
and pointing out the resultingsoundeffects and actuatedights in the room. In the
ChildrenJoin Adultspart,theadultsencouragedhe childrento retell the story asthey
hadjustseen.In the ChildrenasPhysicalProgrammerssection theadultsshavedthe
childrenhow the magicwandworked. The childrenwerethenfreeto useary of the
props,existing objectsin theroom,andary numberof physicalicons,to tell theirvery

own stories.
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7.5 Default Interaction Rules

Becausea standardlid notyet exist for physicalprogramming) de ned a setof inter-

actionrulesfor this study

Themagicwandwasonly usedfor programmingactuities.

Theglow- ber andbuzzerof theiconsindicatedthe selectedstateof
theicon,andwereusedduringtheprogrammingnode.For example,
whenthe wandtoucheda light icon, the wand's glow- ber would
blink. In addition,the icon would makea buzzing sound,its glow

ber wouldblink, andits light would turn on.

To createa condition-actiorrule: “if red handis touchedthenturn
blue light on; a child would take the magicwand,andtap the red

handandthebluelight to createagroup.

To starta story, put away the magicwand.

Theserulescamefrom obsenationsduringIDT designsessionsThe magicmetaphor
waschoserbecausehildrenliked theideathatthey couldmakethingsmagical.Magic
wasalsoa reasonablexplanationfor the moreabstracbehaiors of technology The
ATT memberausedboth soundandlight to indicateanicon's selectedstate because
it wasthe easiesfeedbackmethod. Tappingwasdesignedo be a deliberateandun-
ambiguousaction,sothatboth the systemandthe childrenwould sharethe sameex-
pectationof behaiors. Finally, a simple cue of removing the wand avay from the

storytellingareawaschoserto distinguishthe play from the programmingmode.
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7.6 Data

Thiswasa qualitatve study Onevideocameralocatedin theclassroomabout fteen
feetaway from thestoryareacapturedheactvitiesanddialogueof all children.Back
in theHCIL lab, | reviewedthetapesandcreateda contetual inquiry chart[24]. From
this chart,| notedthetime, verbaldiscussionandactvities (table7.2).

Table7.2: Sampledatafrom the contextual inquiry chart.

Time Quote Activities

32:23 F: canyou tell a | W: yeah
story with these
things?

32:44 W: | wantto be | W grabsmouse,B grabskoala, G grabs
mouseB: | want | snake.
to bekoala

32:57 W: the mouse| W grabspurple setand movesto the cot-
went... tage

33:07 W positionsthe purple handand light by

thecottage B holdsonto thegreenhand.

33:13 W: the mouse| W: toucheghe purplehand,thelight came
went to sleepone | on
night

33:15 B: squeezethegreenhand

33:23 W: who's on my
door

33:55 B: squeezeshe greenhand. Greenlight came

on.
7.7 Analysis

After areview of the dialogueandactvities, threemembersf theteamtogetherana-
lyzedthedatachartsanddevelopedcodedor “roles” (whoachild wasduringaspeci ¢

action(e.g.,experimenter story participant,etc.) and“activity patterns”(e.g.,story-
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telling, playing, etc.). Oncethe teamagreedon theseinitial codesthenall the charts
werecoded. In gures 7.4 & 7.5, the frequeng of theserolesandactvity patterns
weresummarizedor thelastthird of eachsessionlt wasdecidedoy the AT members
thatduringthethird partof the sessiorwasreally whenthe childrenweremostin con-
trol andhadthe mostfreedomto explore. Duringthe rst two partsof thesessionthey
werelearningprimarily aboutthe technologieemployed.In thefollowing sections])

will discusany analysisof the four sessions.

7.7.1 ChildrenasAudience

In this initial partof the sessiorthatlastedon averagelessthan2 minutes,children
were shavn the “Irene story” and acrossthe four sessionschildren were quite at-
tentve. They were fascinatedby the useof the physicaliconsto createa physical
interactve experience.At notime did ary childrenlook bored;mary of the children

couldnotwait to usethe physicaliconsthemselesto try outthe storyexperience.

7.7.2 Childr enJoin Adults asStorytellers

Duringthis sectionof thesessionmostof thechildren(10 outof 11) werereadilyable
torecallandreenactlement®f thestory They actively participatedn theStoryRoom
experience®f Irene. Many of them (9 out of 11) alsoseemedo understandow to
usethe physicaliconsto participatein the story. Interestingly one child beganto
experimentwith the physicalicons' behaior duringthis partof the session Shekept

pressingon the handto seeif it wouldrepeatedlyturn onalight.
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7.7.3 Childr enasPhysical Programmers

During this third and nal partof the sessionthe childrenwere shavn how to phys-
ically programandthey exploredthe useof thesetechnologiedor storytelling. My
analysisof therolesandactvity patterngevealedthatthe childrenspentmostof their
time experimentingwith thetools (seeCharts7.4 & 7.5). They werenot afraidto try
out differentcombinationsof tapswith the magicwand, and frequentlypressedhe
handto explorethe possibilitiesof whatit affected. Thereweretimeswhenatechnical
glitch occurred(e.g.the researcheat the computersentthe wrong commandto the
physicalicons,or wasdelayedn responding)This alsopromptedhe childrento con-
tinueto experimentwith the physicalicons. Interestingly someof the childreneither
wavedthe wandsereral times,or tappedrepeatedlyuntil they sawv the feedbackhey
expected.In eachsessioratleastonechild wasableto form ade nite ideaabouthow

to physicallyprogramwith thetools.

Wherethe childrenseemedo have the mostchallengeswith physicalprogramming
wasin understandinghe differencebetweenthe programmingmodeandthe partic-
ipation/usemode. The childrenunderstoodhat the wand helpedthem“make things
magic’ But they haddif culty understandinghatit wasa tool, andnot part of the
story. This confusionmay partially comefrom the feedbackof light andsoundwhen
the childrenwerein programmingmode. As the childrentouchedthe physicalicons
with thewand,asoundwould occuranda glow light ontheiconwouldturnon. Marny

childrenwerequiteexcitedby this andthoughtthis “wasthe story”. Perhap$y reduc-
ing the “excitement”of the feedbackthatthey may be morelikely to seethis asone

stepin thestorytellingprocess.

In regardsto storytelling,| foundthatthechildrentold storiesin threeways: (1) com-
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Figure7.4: Frequeng of children's rolesfor the last part of the session.Thereis a
smallbut signi cant percentagef childrenwho shavedpotentialas“programmers.

pletelyverbalwith theuseof nopropsor physicalicons;(2) with theuseof someprops
suchasstuffed animalsandverbaldescriptions(3) with the useof physicaliconsand
propsandverbaldescription As Chart7.5 summarizeswhenthechildrenwereasked
to tell a story, they mostfrequentlyjust verbally told a story*. The childrenfell back
into whatthey knew best. However, oncethe researcheaskedif they would like to

usethethingsin theroomto tell a story, they mostfrequentlyusedboththe physical
iconsandthepropsto physicallyprogram.Surprisingly it wasfar lessfrequentfor the

childrenjustto usethe props.

1Experimentatiorwasnot includedsinceit wasnot considered storytellingactvity .
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Figure7.5: Frequeng of children's actvity patterndor the nal partof thesessionA
large percentagef the actvities (30%)appeato bestorytelling.

148



Thekinds of storiesthe childrentold werevery similar to the Irene story they heard.
In mary case®nly oneor two elementaverechangedo makeit their own. However,

therewereinterestingadditionsto the storiesthey told. For example,onechild incor-

poratedthe physicalicon lights asdecorationsn a cottageprop. In herstory shehad
the charactersask, “Who is there? Would you pleaseturn off the lights (one of the
actuators)? needto sleep. Perhapshadtherebeenadditionalprops(outsideof the
onesusedfor the Irenestory) andmoretime to explore, more original storiesmight

have emepged.

7.8 Lessond.earnedfrom this Exploratory Study

In understandingvhatl havelearnedwith children,let mereferbackto thethreeinitial
guestions:(1) Canyoungchildrencomprehendvhata story is aboutin a physically
interactve ervironmentsuchasa StoryRoom?(2) Canthey useor participatein an
alreadycreatedstory in a StoryRoom? (3) Canthey use physicalprogrammingto

createa StoryRoom?

With regardsto the rst question] sawv withouta doubtthatchildrenages4-6,whohad
no experiencan designingmy technologycould easilycomprehendavhatthe storyis
about. | alsosav with regardsto the secondquestion that all of the childrencould
alsouseor participatein an alreadycreatedstory Onceshovn how to interactwith
the physicalicons,they hadno troubleinteractingwith the StoryRoomexperience.l
wasalsopleasedo notethatthe introductionof technologydid not getin the way of

thestorytellingexperience.

As for thethird questionconcerningphysicalprogrammingthe answersarelessclear

cut. | did seein eachsessioroneor morechildrenableto physicallyprogram.They
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understoodhat placing the physicaliconson a prop aroundthe room either offered
someinput or output. They alsounderstoodhatthe physicaliconshadrelationships
to eachotherbasedon how they wereprogrammedin fact, out of the 11 childrenthe
ATM workedwith only 3 childrencouldnot comprehendry aspecbf this approach.
Thanksto alongersessiorwith thelastgroup,| believe thatif we hadspentmoretime
with eachgroup, more childrenmight have beenableto accomplishhigherlevels of
physicalprogramming.But consideringhe shortperiodof time the adultteamspent
with the children,they wereableto accomplishmuchmorethanl initially expected.
It was not surprisingthat their main dif culty wasin understandinghe difference
betweemprogrammingandparticipationin analreadycreatedstory. At thisyoungage,
children's most commonform of storytellingis improvisational storytelling (mary
timesreferredto as“play”) wherechildrenfreely move in andout of storytellingand
“storylistening” [2]. This may be the biggestchallengein supportingchildrenwith
physicalprogramming.ls therea way to naturally move betweenprogrammingand

participating?The magicwandshaws a promisingdirection.

With regardsto lessondearnedaboutthe coopeativeinquiry methods] believedthat
the mid-techor wizard-of-ozprototypesened the teamwell. It wenta long way in
simulatingthe full experienceof physicalprogramming.It offereda e xible way of
exploring my ideaswith children, without having to spendmary more monthsfully
developingthe technologies.But, even thoughit wasjust a prototype,it hadto be
extremelyrugged.On numerousoccasionsgduring theresearctsessionat HCIL and
duringthestudy whenthedevicesfailedto work asthechildrenexpectedthey stopped

beingusersandbecamealeluggersof thetechnology
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Chapter 8

A Usability Study of Physical Programming

and Kinder garten Students

Encouragedby theresultsfrom the exploratorystudy | andthe Adult TechnicalTeam
re ned the StoryRoomandphysicalprogrammingprototypesandconducteda longer

termstudy As in the exploratorystudy | focusedon the following threequestions:

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

ically interactve ervironmentsuchasa StoryRoom?
2. Canthey useor participatein analreadycreatedstoryin a StoryRoom?

3. Canthey usephysicalprogrammingo createa StoryRoom?

8.1 The Study Setting

Over a one-monthperiodin the fall of 2002,a new groupof 18 children (ages5-6)
usedthe StoryRoomand physicalprogrammingtechnologiesn an initial empirical

study Thechildrenwho participatedn this studywereracially andethnicallydiverse,
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variedwidely in their academiability, andwerein the kindemgartenprogramat the
CYC. Childrenworkedwith the StoryRoomtechnologyin the GreatRoom (a large
openspacein the middle of the CYC) with a teamof four adultsfor sessionghat
lastedapproximatel\20 minutes.The pairswerediversein gendefrace,andethnicity;

andremainedhe samethroughoutheresearct{table8.1).

Table8.1: Groupcompositionof the usability study

Group Child A ChildB
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

Becausehekindemgartenchildrenin the exploratorystudyunderstoodhe lreneStory;
| usedthis story asthe basisfor teachingthis new group of childrenthe conceptof
StoryRooms.|l changedhe light in the rst studyto a blinking arrov becausehe |
foundthatthearrov wasbetterat gettingchildren's attentionandwasthereforebetter
ableto directthe o w of thestory. | alsoaddedheWind physicaliconto the nal part
of the story, becausdahe IDT's child designerghoughtits 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 thatis a
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Figure8.1: Thecompletedsetupfor thestory. Thepropsincludethecabin,themouse,
the koalabear andthe snakeinside the cave. The foot icon is a contactsensorthat
was programmedo trigger the blinking arrov by the mouse. The handicon was
programmedo triggerthe sunicon (light) andthewind icon (fan).

cardboardoxwith aholein it; anda snakemadeout of foam.

A foot icon (touchsensorwasplacednext to the cottage A blinking arrow (actuator)
was placednext to the mouse. A handicon (touch sensor)was placednext to the
koalabearprop anda wind actuatorandlight actuatorwere placednext to the cave.
To supporthestory, thefoot icon waspre-programmetto triggerthe blinking arrow,

andthe handto triggerboththewind andthelights ( gure 8.1).

1This programwascreatedby anadultusingphysicalprogramming.
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8.1.2 SessiorStructure

This study sharedthe samesessionstructureasin the exploratory study The only
two differencesverethat 1) thechildrenhadsigni cantly moretime to learnphysical
programming;and 2) a selectgroup of the children hadthe opportunityto createa
StoryRoom from storyinception,to propconstructionto physicalprogrammingand

nally to sharethestorywith their peers.

Hereis aquick reminderof the sessioractvities:

Childr enasAudience An adulttellsandperformsthelrenestoryto the children.

Childr enJoin Adults as Storytellers Thechildrenretellthe story, sothatthey getto

play with the propsandsqueezé¢he physicalicons.

Childr enasPhysical Programmers Children are shavn how to programwith the

physicaliconsandareaskedio makeup a story.

Childr enasAudience

When children enterthe Irene StoryRoom,they saw the icons and propssetup in

a semi-circlethat follow the chronologicalorder of the story A researchewasthe
narratorandshehelpedthemthroughthe ervironment. First, sheturnedon the story
by ipping the“once-upon-a-timéever” Shethenledthechildrento the cottage next
to which wasthe foot icon. Shebegan,” This storyis aboutlrene,a little girl whois
lostin thewoodsandcannot nd herhouse Ireneasksthepeoplein thecottageif they
knowwheee her houseis, but they do not. Ireneseesa strangefoot and pushesonit.”

Theresearcheaskedthe childrento pressthefoot. This activatedthe blinking purple

arrow light next to a stuffed mouse.The childrenthensaw a blinking arrowv pointing
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to themouse.Theresearchecontinued,’ IreneasksMr. Mouseif heknowswhee her
houseis. Mr. Mousesaysno, but that sheshouldaskMr. Koala” Thechildrenranto
Mr. Koala,who hasthe handicon nearhim. Theresearchesays,”IrenethenasksMr.
Koalaif heknowswhele her houseis. Mr. Koala saysno, but that sheshouldaskMr.
Snakean thecave” Thechildrenpresseanthehandicon,which activatedthefanand
light placedneara snakepropin a cave. The childrenran over to the cave andwere
told by theadult,“IreneasksMr. Snakeaf heknowswhee herhouseds. Mr. Snakesays

yes,justturn aroundandgotenfeetandthereit is.”

Childr enJoin Adults as Storytellers

A researcheaskedthe childrento retell the story thatthey hadjust experienced.The
adultrefrainedrom helpingthechildrenunlesst wasobviousthatthey eitherl) forgot
a partof the story, 2) retold the storyincorrectly 3) forgotto useanicon, or 4) were

confused.

Childr enasPhysical Programmers

An adultresearchedemonstratedndaskecdthe childrento repeathe procesf pro-

grammingtheinteractionrulesfor a StoryRoom.This processonsistedf ve steps.

1. Putonthemagichatto enterthe programmaode.
2. Usethewandto createonerulethatincludedatleastoneactuatomndonesensor
3. Takeoff themagichatto exit the programmode.

4. Turn onthe“once-upon-a-timéever” to enterthe play modeandto review the

program.
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5. Turnoff the“once-upon-a-timéever” to endplay mode.

Again, the adultdid not makeary suggestions$o the childrenunlessit wasclearthat

they wereconfuseddr couldnot continuewithout help.

8.2 Data

Datafrom thesesessionsverecollectedby videotapingandtakingobsenationalnotes.
To analyzethe data,the ATM developeda coding schemebasedon the datathat
emegedfrom theraw artifacts. Two membersf ATM initially codedthetapesafter
which the codeswerere ned. Inter-raterreliability wasestablishedy having two of
the adultteammembersode33% of the data. Therewasonediscrepang in coding

whichwasresohed,andoneteammembercontinuedo codetherestof thedata.

A scoringsystemwasdesignedo indicatethelevel of understandinghatthe children

exhibitedduringthe study(table8.2).

Table8.2: Thescoringsystemfor the usability study

Score Explanation

2 A child performedor rememberedan activity independent
from adultassistance.

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

rectly performedor rememberedn actvity with help from

adult or the child's partner(B), 2) B intervenedand com-
pletedthetaskbeforeA couldattemptthetask,or 3) anadult
intervenedand completedthe task before A could attempt
thetask.

0 A child couldnot completethe actity.
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8.2.1 Can Children Participate in an Already Created Story-

Room?

The actvity designedto answerthis questionprovided the childrenwith their rst
exposureto StoryRooms.An adulttold childrena story usingthe IreneStoryRoom

andtheninvited the childrento retell the story.

In analyzingthetapesthe ATM rst determinedf childrenwereengaged-thatis, if
they listenedto and/orobsened the storytellingresearchefor a majority (morethan
50%) of the time while beingtold the Irenestory. The adultsalsodeterminedf the
childrenreactedwhensomething‘magical” (e.g., the fan andlight turning on when

thehandwaspushedhappened.

This analysisshaved that 100%of the childrenwere ableto participatefully in this
previously createdStoryRoom.Thislaid thegroundworkfor the next partof theactiv-

ity, in which thechildrenwereaskedo retellthelrenestoryto anew researcher

Duringretelling,the ATM lookedfor the children's ability to recallandretellthemain
eventsof the storyandto usethe StoryRoomelementsn orderto do so. Becausehe
childrenwerefunctioningasa pairin this activity, pointsweregivenwhenatleastone
of thechildrendid atask. During this section datafrom onepair of childrenhadto be

eliminateddueto poorvideoquality.

Thescoringof theretellingphasevasbasedon eightactvities. A child couldscorea
maximumof 2 pointstowardseachactiity, for amaximumof 16 points. Theactwvities
were separatednto 2 catgyories. The rst involvedtelling the story usingthe props
(housemousekoalabear cave). Thesecondcategory involvedretellingthestorywith
the physicaliconsandtools (“once-upon-a-time'lever on, foot, hand,“once-upon-a-

time” lever off).
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Figure8.2: The numberof total points(out of 16) that eachpair scoredon retelling
thelrenestory Therangeof scoreds from 7 — 14, shaving thatchildrenwereableto
retell the storywith varyingdegreesof adultsupport.

Fromthetheremaining8 pairs,| sav agreatewvarianceof ability to usetheStoryRoom
on retelling thanon participating. The childrenscoredfrom 7 to 14 out of a possible
16 points.It appearedhenthatall pairswereableto shav someunderstandingf how
to usethe StoryRoomto retell a story ( gure 8.2). An analysisof the two frequeng
charts(actwvities by iconsandby props)revealeda moreinterestingpicture. In gure
8.3,mostof thechildrencouldretellastoryusingaprop.In gure 8.4, ALMOST ALL
the childrencorrectlyretold the story with the icons. The unusuallylarge percentof
adulthelpfor the StoryOn andStory Off activitiesweremostlydueto thechildrennot
rememberingo changdnto the play mode.l hadexpectedthatthe childrencouldtell
storieswith propsandthat somecould involve the useof icons. Soit wasa pleasant

surpriseto seethe overwhelmingnumberof storytellingwaswith physicalicons.
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Figure8.3: Frequeng countof retellingby props.75%of theactvities werecorrectly
completed.
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Figure8.4: Frequeng countof retellingby icons. Thelargenumberof adultassistance
duringStoryOnandStory Off eventswerelikely becaus¢hechildrenhadto enterand
exit theplay mode.
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It shouldbe notedthat adult prompting,suchas “What's next?” was not codedas
adult guidanceas it was not relatedspeci cally to the children’s ability to usethe
StoryRoom.More speci ¢ prompting,suchas“What do you do with thatfoot?” was

codedasadultguidanceasthis promptwasspeci c to the useof the StoryRoom.

8.2.2 Can Childr en Program Using Physical Programming?

In orderto answelthis questiontheadultsplaceda large pile of StoryRoomactuators
andsensor®on the oor alongwith the “once-upon-a-timéever” switch. The magic
wandandthe wizard hatwereplacedon a table. | beganthe sessiondy shaving the

physicalprogrammingechniqueo the children.

Childrenweretheneachgiventheopportunityto de ne interactiondor a StoryRoom.
Becausesachchild wasgiven a turn to de ne theseinteractionson his or her own,
the codingfor this activity wasdoneby individual ratherthanby pair. Onepair was

absentso 16 childrenparticipatedn this phase.

Again, videotapeof eachchild wasanalyzedo determineif he or shetook the ve

necessargteps(section8.1.2)to createaninteractionrule for a StoryRoom.

The ATM alsotried to determinegf the child understoodhe interactionrulesthat he
or shehadcreated Becausevery child (A) wasworking with a peer(B) nearbythere
weretimes when B steppedn and completinga task before A had a chanceto do

so. In thatsituation,an h designatiorwasgivento A on the partof the programming
completedby B. Any taskdesignatech was given a scoreof 1. Onetime an adult
steppedn to completea task. This wasdesignatedd. The videotapedid not capture
onechild's (pair 1, child b) Story Off actwity. This actiity wasgiven a scoreof 0.

Thereforechild 1b'stotal scorewasat least50% (table8.3).

161



All childrenscoredbetweerb0% and90% on programming( gure 8.5). Thesenum-
bersshavedthatmostof the childrenwereableto programwith somedegreeof adult
guidanceandall hadsomeunderstandingf whatto do in orderto controltheinter-
actionsof sensor@&ndactuatorsn a StoryRoom.Inter-raterreliability wasestablished
for the codingof this actiity by having two adultresearchersompare25% of their
codeddata. Therewere no discrepanciesthereforeone 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 212122122 |2 |12 |12 |2 |2 |2 |2
Wand
HatOff |1 (1 |1 |1 (2 |2 |2 |11 |12 |1 |1 |1 |2 |1
Story |1 (12 |h |2 (2|1 |1 |1 |1 |1 1|12 |1 |h |1
On
Story |1 |(* (O |0 |h |h |1 |H|h|h |1 |1 |2 |1 |11
Off

Scorenld7 [5 [5 |7 |7 |8 [7 |7 [6 |77 [7 |97 |8 ]7]

Analysisof thefrequeng countof the5 programmingactiities led meto threeimpor-
tantobsenations( gure 8.6). First, an overwhelmingmajority of the childrencould
“becomewizards” without help. This may indicatethat they acceptedhe “magic”
metaphor Second morethan95% of the actwvities could be completed whetherin-
dependenthor with help. This level of successnight be dueto the simplicity of the
individual actwities. With the exceptionof the magicwand, the otherfour actwvities
weresingle step,direct physicalmanipulationof real objects. Third, the wide range
of usercompetencg50% to 90%) in chart8.5 could be partly explainedby the fre-

gueng count: adultsoftenneededo supplyhintsto remindthe childrento negotiate
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Figure8.5: Percentagef possiblepointsthateachchild scoredon physicalprogram-
ming tasks.

the modal changes

Both by direct obsenationg andinspectionsof the interactionrules capturedoy the
StoryRoomapplication,] wasableto seethatdelineating two differ ent interaction

rules wasa particularly dif cult conceptfor the children. Onecommonactionwas
to hold the buttondown while they wavedthewandover differenticons. Anotherwas
to pushthe button oncefor eachicon they wantedto includeinto aninteractionrule.
Therearetwo obviouschoicesto addresshis problem:1) nd adifferentinteraction,
or2) nd awayto teachtheinteraction.l did notattemptthe rst approachHowever,

asthe study progressed beganto pick up someof the children's own languageto

describeheinteractions.Whenl usedthe “invisible wire” metaphor3.6.2to explain

2The videodatacould not reveal the useof the new-spellbutton becauseve did not have away to

captureclose-upactiities of thehand.
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Figure8.6: Frequeng countof programmingactuities.

whento usethenew-spellbutton, they appearedo understantheconcepinoreeasily

In additionto the confusionsthat stemmedirom the recordand play modes,| was
surprisedo seethatthe physicaliconsthemseleswerethe causeof unexpectednter-
actionstoo. Theiconswereall madeof foam andcoveredwith felt. This apparently
createchnaffordancehatchildrencouldnotresist:they wantedo squeezeverything,
andnotjustcontactsensorsWhile the childrenwereableto learnthedifferentusesof
the physicalicons,a bettersolutionwould be to work with the kindeigartenchildren

to nd betterrepresentationthatcanclearlyindidateinputandoutputfeatures.
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8.2.3 Can the Childr en Use Physical Programming to Createan

Original StoryRoom?

This questionnecessitated muchmorein-depthapproachhanthe previoustwo. In

orderto createa StoryRoom gachpair would have to comeup with a story, createthe
necessaryelevant propsout of commonart supplies,setup their story in the room,
andprogramthe interactions.The ATM decidedto only work with two pairsfor this
activity, but to work with thesepairsin anin-depthmanner Becausehe earlierdata
shaved thatalmostall of the childrencould programwith somedegreeof adultsup-
port, resultsfrom theretelling sectionof actvity onewereanalyzedn orderto select
pairsfor this casestudy The two pairschosenwerethe pairswith the highestand
lowestscoresonretellingthelrenestory: In thisway, | hopedto betterunderstandhe

abilitiesof childrenateachendof the spectrunmof StoryRoomaise.

Becauseof the casestudy-like natureof this task, the adultsobsened eachpair in
detail. To analyzethe children's storiesl asked ve questionsaboutthe processof

creatinga StoryRoom.

1. Canthechildrencreatea storywith aplot, charactersandasetting?
2. Canthechildrenmakeappropriatgropsfor their story?
3. Canthechildrenprogramtheir StoryRoom?

4. Canthe childrenappropriatelyintegratethe StoryRoomsechnologyinto their

story?

5. Canthe children play or retell the StoryRoomthey createdby telling a story

involving propsandaidedby the useof the StoryRoomgechnology?
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8.2.4 CaseStudy One: Bobby and Dennis

The rst pairchosenwasthehighestscoringpaironactiity one.Thesewo Caucasian
boys,BobbyandDennis, arebothage ve. Thesechildrenbothcomefrom two-parent
homesandhave no siblings. It wasboth Bobby and Denniss third yearat the CYC.
They workedwith usfor four consecutie daysfor approximately5 minuteseachday

onthetaskof creatinga storyusingStoryRooms.

Onthe rst day, BobbyandDenniscameup with a plot for their storywhich follows.
Thelettersin parenthesishav who conceved eachpartof thestory. Italicsindicatea

mentionof how physicalprogrammingdevicescould beintegratedinto the story.

A little girl was combingher hair when the sink cameon all by itself
(Dennis).Sheknew herdog couldhelpher nd whatwaswrongwith the
sink (researcher)Thedog's namewasRocket(researcher)Rocketdidn't
know whathappene@Dennis).We could putthe purplearrow next to the
sinksoeverybodywill knowthat the sinkis broken(Bobby) Therewasa
badghostin the sink (Dennis). The girl scaredthe ghostaway with the

mask(Dennis).Theghostranaway to acave (Bobby).

BobbyandDennisdecidedhatthey would needabrush,aghost,adog,asink,acave,
anda maskaspropsfor their story ( gure 8.7). Usinglow-techart supplies,Bobby
and Dennisworkedwith usto constructtheseprops. On the secondday, they used
their propsand StoryRoomsconsto setup the story Both Bobby andDenniswere
given a chanceto setup and programthe story Eachchild hada differentway that
they wantedto arrangethe propsandicons. After comingto a consensushey then

programmedhe storyandpracticedelling it to us.

3All nameshave beenchangedo protecttheidentity of the children.
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Figure8.7: Examplepropsin BobbyandDennis'story. Fromleft to right, the ghost,
themaskfor scaringthe ghostaway, Rocketthedog,the sink,andthecomh Adjacent
to thesink arethefoot andarrow icons.

Onthethird andfourth days,Bobby and Dennissetup their StoryRoomandtold the
story to selectecclassmatesandtheir teacherq gure 8.8). The classmatesften got
involved in the StoryRoomby askingquestionsaboutthe story (e.g.,“Once upona
time what?”) or by pushingiconsthemseles,andby participatingon the oor with

BobbyandDennis.Theteachersemainedseatedn chairswhenlisteningto thestory;

but werequiteengagedvith their studentswork.

8.2.5 CaseStudy Two: Mary and Shelly

Mary and Shellywere chosenso the ATM could understandhe potentialfor Story-
Roomswith a pair of childrenwho scoredlower on the retelling. Both Mary and
Shellyarefemalesandare5 yearsold. Both Mary and Shelly comefrom two-parent
homes.Mary is Chinese-AmericaandspeaksChineseat home,is bilingual, andhas
anolder brother It is her secondyearat the CYC. Shelly wasbornin Korea. She
moved to the U.S. with her parentsand her youngerbrotherone month beforethe
schoolyearbegan,andis in the procesof learningEnglish. It is Shelly's rst year

atthe CYC. The ATM workedwith Mary and Shelly for threeconsecutie daysfor
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Figure8.8: BobbyandDennissharetheir storywith classmates.

approximatelyt5 minuteseachday.

Onthe rst day, Mary andShellyweregiventhe samepromptsasBobbyandDennis
and were askedto comeup with a story that they could tell using the StoryRooms
technology The storythey chosewasa retelling of a storythatthey sav on Dragon
Tales a popularanimatedelevision shaw for childrenin the United States.Although
Mary andShellywereaskedseveraltimesto tell anoriginal story, insteadthey wanted

to tell the DragonTalesstory Hereis their story.

Max andEmmy movedto anewv houseandthey founda magicwishin a draver (M).
They madethe wish cometrue by saying“l wish | wishwith all my heartto y with
dragonsn alandapart”(S). Thiswishtookthemto DragonLand(M). Therethey went
to DragonSchool(M). At thedragonschoolthey metlots of dragondike Zack,Weezie
andOrd (M). (Note: there wasno mentionof howphysicalprogrammingdevicescould

beintegratedinto the story)

Mary andShellydecidedhatin orderto tell this story, the propsthey would needwere
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Max and Emmy's house,a draver for a magicbox, the dragonschool,anddragons.
They thenworkedwith low-techart suppliesand with the adults' help the children
madethe draver with the magicbox, thedragonschool,andsomedragons.

On day two, Mary and Shelly were given their propsandaskedto programthe Sto-
ryRoom. Mary and Shelly setup the propsandicons aroundthe room, but in two

differentplaces:onefor the propsthatthey madeandonefor the StoryRoomicons.
Therewasno apparentonnectiorbetweenhe prop groupandtheicon group. Mary

ipped theplay storyswitchandexpectedheiconsto work beforeeithersheor Shelly
programmedhem. Mary neededo be promptedexplicitly by adultsto remembethat
sheneededo programtheicons. Oneadultasked,"How areyou goingto getmagic
in those(theicons)?” andanothethummedthe musicthat playsduring programming
beforeMary rememberedhat sheneededo usethe hatandwandto program.When
Mary did usethe wandto program,sheconnectedll of the sensorsandactuatorsn

onecommandwhich meantthat pushingall of the actuatorsat onetime would cause
all of the sensordo go off. In this situation,pushingone sensomwill not causeary

actuatorto go off. Mary did remembeto ip theplay storyswitchin orderto testthe
icons,but did not realizethatshehadconnectedll of the sensorgo all of theactua-
tors. Shepushedon onesensomat a time expectingsomethingo happen.During this

time, Shellywasnot payingattentionto the StoryRoomgask.

Whenshetried programmingagain,Mary connectedwo hands,a foot, andtwo ar-

rows. At this point, anadultasked,"What do you do if you're donewith thatspell?”
to promptMary to usethe new spellbuttonto createa new command.At this point,

Mary putthehatandwandaway, endingthe programmingnode.Becausef the man-
nerin which Mary connectedhe sensorsand actuators shewould have to pushon

both handsandthe foot in orderto actvateboth arrons. Shetried pushingthe hand
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andthe foot andthentried just a hand. Thereforeit wasassumedhat Mary did not

understandhow to “play” the StoryRoonmshehadjust made.

Whenagainpromptedo usethepropsandiconstogetheyMary putanarrow pointing
to theschoolpropthatthe childrenmadebut alsoput anotherarrow pointingto afoot,
which is a StoryRoomicon andnot a prop. This is signi cant becauset shawvs that

Mary wasnot distinguishingoetweerthe functionsof propsandicons.

On daythree,Mary andShelly againhadtrouble programming.Shellywasmoreen-
gagedon this day, but whenmagicwasmentionedshepantomimedsprinklingmagic
duston theicons. Shealsosaid “abracadabratvhenusingthe magicwandwith the
icons,andsaidthatthiswasmakingthemwork. Mary andShellyspentimeonthisday
repeatedlypicking up and down the magic hat, which turnsthe programmingmusic
on andoff, andturning the play story switch on and off, which causedt to repeat-
edly say“once uponatime” and“the end”. Shellyalsoappearedo enjoywhenthe
StoryRoomgave auditoryfeedback(suchas“yellow foot” whenthe yellow foot was
pressed).Whenaskedagainto tell their story, the girls usedtheir propshbut not the
StoryRoomiconsto tell a DragonTalesstory, this time telling a differentstory than

theonethey hadplanned.

8.3 Analysis

Thetwo pairsof childrenin the casestudyperformedvery differentlyin their attempts
to createStoryRooms.Both groupscreatedstorieswith plots and createdappropri-
atepropsthat suggest settingand characters However, the disparitiesbetweerthe
groupsbecameapparentvhenit cameto programmingand integrating the technol-

ogy with their narratves. Bobby and Denniswere both able to createindependent
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interactionrules. Mary andShellywereunableto performthistask;insteadthey pro-
grammedall of the actuatordo go on at once. FurthermoreBobby andDenniswere
ableto integratethe StoryRoomsechnologyinto their story. Mary and Shelly were
not— they programmedhe iconsseparatelyfrom the story anddid not relatethe Sto-
ryRoomsiconsto the propsor eventsin their story. Finally, Bobby andDenniswere
ableto retell their storyto their peersandteachersisingthe StoryRoomsechnology

Mary andShellydid not progresghatfar in their storytellingexperience.

8.4 Lessond.earnedfrom this Usability Study

Throughthisresearchl learnedvaluableinformationthatwill helpto directmy future
work with StoryRoomsChildrenmayneedmorepromptingwhenusingphysicalpro-
grammingtechnologiesuchas StoryRooms.My experiencewith Mary and Shelly
taughtme that providing morefeedbackduring physicalprogrammingcanhelp chil-
drento be more successful.This could be supportedn future versionsof the Story-
RoomtechnologiesFor example,the magicwandcould provide anaudiblecuewhen
childrenare nished with a spell or startinga new spell. In addition,theiconscould
visually shav a child if shehadconnectedconstogetheyor a new tool could allow
childrento seewhich iconshad connectedn a physicalinteractioninstruction. On
the otherhand,the novelty of the StoryRoomcansometimesinderchildrenfrom us-
ing the StoryRoonfor its intendedpurposeof telling stories.For example,Mary and
Shellyspentalot of time picking up andputtingdown thewizardhatin orderto make

theambientmusicstartandstop.

| alsolearnedthat for childrento understandpredict,and control the interactionsin

their ervironment,it may be necessaryo exposethe systemcomponentgi .e., give
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themsymbolicobjectsfor sensormandactuatortasks).However, Mary and Shelly had
challengesntegratingthe sensor@andactuatorswith thepropsinto onephysicalstory.
This may be dueto their inability to abstracicertainprogrammingconceptshut this
may also have to do with the systemcharacteristics.The icons may have beentoo
easilyidenti able assayafoot or hand.SomechildrensuchasMary andShellytended
to focus on thosecharacteristicgasin, “I seea foot”) andforgetthat the item had
anothempurposewhichwasto beaninteractve proxyfor aprop.| think in somecases,
this may have beendueto the relationshipbetweensensingdevicesandthe physical
ervironment.Forinstanceachild mayplacealargeiconnext to smallcottagemaking

theicon morevisually importantthanthe prop.

On the otherhand,exposingthe systemcomponentsnay not have beenquite asob-
vious asit neededo be in somecases.For instance Mary just could not relatethe
new-spell button to the programmingactvity of creatinga new interactiongroup. |
believedthatthis buttonwasperhapsiotanappropriatanetaphofor morechallenged
children. Perhapghe visual metaphordor sensorandactuatorsieedto be carefully
reconsideredSowhile | have revisedthe physicalinterfacesmary times,furtherrevi-

sionto this systerneeddo beaccomplished.

Anotherobstacleo considerfor childrenusingthesetechnologiesnay have beenthe
systems ruggednesandreliability. Thereweretimesthat our currentRFID system
couldnotrespondcorrectlyto children's naturalmovementge.g.,heary punchingof
sensorsconstantrepetition). A lack of timely feedbackoften led to unpredictable
technologybehaiors, which we found could confusechildren quite quickly. This
studyfurthercon rmed thatthesetechnologiesnustbe extremelyruggedand e xible

for childrento controlin waysthatarecognitively andphysicallyappropriate.

In summaryatool for childrento controlubicompenvironmentsdemandsextremely
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reliable, rugged,and e xible technologieghey can control. In addition, a balance
needso be struckbetweenvisible concretemetaphordor thesetechnologiesandin-

tegratingthesetechnologiesnto the ervironmentfor storytelling.
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Chapter 9

Final Words

| have shavn thatphysicalprogrammings a simpleanddirectway for childrento pro-
graminteractionsn a specialubiquitouscomputingernvironmentcalled StoryRooms.
While the datashaw thatnot all the childrenwerecompletelycapableof the creatve
procesgcreatinga story) or the programmingprocessthatsomechildrenweremore

thancompetenusersof this approachs extremelyencouraging.

| have also shavn that the physicalprogramminglanguageand its resultantStory-
Roomsareequivalentto deterministic nite automataMoreover, | suggestedhatthe
single mostimportantimprovementto the languagewould be the addition of nite

memory

The goalof this dissertatiorwasto understandhe relationshipsamongchildren, ubi-
compervironments,and control. Thanksto my experiencewith StoryRooms] can
now offer someinsightsaboutgeneralinteractve systems.First, whenchildrencan
placesensorsaand actuatorsn their surroundingsthe systemcan betterconformits
behaior. Secondchildrendo not have to be confusedoy modalchangessuchasbe-
tweenprogrammingandplayback,if they aregivenunambiguousignalsby the sys-

tem(thewizard's hat). Third, extremelysimplephysicalinteractiongwaving, pushing
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button),in conjunctionwith acompellingtool (magicwand)aresufcient for children

to indicateprogrammingntentions.

This meanghata ubiquitouscomputingervironmentfor childrenshouldcontainthese

features:

1. Sensor@ndactuatorghatcanbeattachedanywherein the space.
2. Toolsandambientsignalsto unambiguouslyndicatemode.

3. Toolswith acompellingunderlyingmetaphoto createinteractionrules.

| have learnedhatchildrenCAN, without ary adultassistancesontrolthebehaior of

a ubiquitouscomputingernvironment.

9.1 Reuvisit the Questionson Control and Tools

Here are the answersthe questionsthat | rst posedin the Introduction: What do
childrenneedto control the interactionsof a physicalinteractve ervironment(table
9.1).

Table9.1: Answersto controlandtools.

Question Answer
What kind of tools are | Thetools shouldl) be concreteobjectsto
needed? minimize abstractionsand 2) clearly de-

ne andsetmodes.

What do the tools look | They shouldutilize metaphorthatis child
like? appropriatge.g.,magic).

How arethey used? The tools are operatedby simple gestures
within the metaphor
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Table9.1: Answersto controlandtools,continued.

Question Answer

Do the tools requirenew | Yes. Thetoolsrely on physicalsyntaxthat
interactionmodels? arecombination®f physicalgesturegorim-
itives.

Can children in fact use| Yes.Referto the Usability chapter(8)
thetools?
Implicitly, the ability to | PhysicalprogrammingandPIE.
controlmayrequireapro-
grammingmodel. What
is thatmodel?

9.2 Limitations of the Reseach

Although| waspleasedy my work on StoryRoomsphysicalprogrammingandthe
resultsof the usability study | believe the resultswould have beenmore usefulif |
hadspentmorethanonemonthwith the childrenatthe CYC. It wasclearthatBobby
andDenniscognitively understoodhe programmingools andthe conceptof aroom
that can expressstories. But | am more concernedaboutMary and Shelly. Did the
two pairsrepresenthe boundaryconditionsof the cognitive abilities of six yearold
children, in termsof storytelling and programming? Or, did Mary and Shelly just
needmoretime. And all theotherchildrenin betweenwould they have alsobene ted
from moretime learningaboutmy system?Theseareall questionghatrequireamore

signi cant investmentn time andpersonnel.

Much of the early designson the physicalprogrammingtools andinteractionswere
inspiredby the 7-11yearold designpartners.| did not have the chanceto performa
usabilityon THIS population.l would be extremelyexcitedto seetheresultof sucha

study
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Thepremiseof my researchvasto understandherelationshigbetweeryoungchildren
andubicompervironments.| createda deliberatelynarrov storytellingenvironment
so that children could latch on to somethingfamiliar. The naturalfollow-up ques-
tion is whetherthe sametangibletools (perhapswith a differentlook) andinteraction
metaphorgouldcarryoverto ary generaubicompenvironment.Onefuturedirection
might be to collaboratewith researchersf a well-establishedibicompervironment,
perhapswith ties to universalaccessibilityand universal control, enhanceheir de-
viceswith the minimumsoftwareandhardwarerequirement®f StoryRoom/physical

programmingandintroducethe IDT' s youngdesignersnto the mix.

My work hasbeenconsistentlybeena tensionbetweenwhat! canmake(becausef
hardwardimitations) andwhat!| shouldmake. Soam| imposinga solutionontothe
children,eventhoughit may not be optimal? Thankfully, this is wherethe magic of
thelDT comesn. Becausehe childrenandthe adultsarein thedesignTOGETHER,
everyoneis awareof theissuesnvolved. Soif acompromisenadto be made,it was

with theagreemenof the entireteam.

9.3 The Lab'sOn-goingWork: HazardRoom

Soonafter| completedmy StoryRoomsproject, anothergraduatestudentembarked
on a projectto extendthe StoryRoomarchitecture.This project,HazardRoomis be-
ing usedto teachchildrenaboutthe mary hazardousnaterialsin their ervironment.
Unlike the StoryRoom,which is a free form creatve ervironment,the HazardRoom
is intendedto be a constraineccontent-basetearningexperience.Thatis, the envi-
ronmentwould alreadybe setupto containthe knowledgethat teachersvould want

studentsto learn. The technologiesand conceptsfor this work is being developed

177



today

9.4 My FutureWork

In the nearterm, my work would include the realizationof the tools | mentionedn
Chapter9.4.1: Sound,Magic Lens,and Counter | wantto engagehe IDT to think
abouttheideaof memoryandwhatits symbolslook like in the physicalernvironment.
| wouldlike to review thecurrentstateof technologyandseewhethersmallerversions

of the physicalobjectscould be built.

9.4.1 Additional Physical Programming Interfaces

In prior chapterd describedhetoolsandiconsof the physicalprogrammingsystem.
Conceptuaprototypesveredevelopedfor severaltoolsto bothextendthe usability of

thesystemaswell asthe power of thelanguage.

The SoundBoard

Recordedharrationandsoundeffectsarecritical elementof StoryRooms| designed
a prototypeof the Sound Board andthe Sound Stick for childrento easily record
soundgo enhancehe storytellingexperience.The SoundBoardwasa colorful plat-
form with mary differentcoloredpatchegSoundPatch) onthetop. Within eachpatch
wasa holeto hold the SoundStick ( gure 9.1). To recorda narratve, childrenwould
placethe SoundStick into a holeandspeakinto the stick. The color patchassociated

with the hole would thenbecomehe symbolicholderof thesound.
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Figure9.1: A ConceptualSoundBoard. A SoundStick is currently placedinside a
SoundPatch.
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Figure9.2: A ConceptuaMagic Lens. A child can querythe stateof anicon by
holdingthedisk over it.

Hereis a scenarioto betterillustrate the useof the SoundBoard. Supposd want
to hearthewords,“l am happyyou arehere” whensomeongresseshe blue hand

physicalicon. | would do thefollowing:

1. Associatea SoundPatchto containthewords,”l amhappyyou arehere’.

N

. Wearthewizard's hatto invoke the programmingnode.

w

. Pressonthenew-spellbuttononthe magicwandto begin anew rule.
4. Wave thewandover the blue handphysicalicon.

5. Wave thewandover the SoundPatchusedin stepl.

The Magic Lens

Programmingand delugging go hand-in-hand. The Magic Lens may be a direct
methodfor childrento getinformationaboutobjectswithin a StoryRoom( gures 9.2,

9.3,and9.4).
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Figure9.3: Anotherconceptuamagiclens.Thislensis in the closedposition.

A Magic Lenscanbe extremelyuseful. For example,when childrenmove the lens
over an object, the lenstool combinesthe imagescapturedby the cameraand the
informationgatheredy the RFID readetto displaya compositedraving of the object

andits relationsto otherobjectsin theroom.

Clock, Timer, or Counter

Countingis anaturalelemenbf ary PIE. It is usefulbecauseave oftenwantto control
devicesrelative to time. A physicalcounter perhapsn theform of a clock, canoffer

asimpleapproachor childrento includetime into physicalprogramming.

For example,after 10 secondsturn onthelight icon andleave it onfor 15secondsTo

programthisrule, would:

1. Wearthewizard's hatto invoke the programmingmode.

181



Figure 9.4: The openposition of the magiclensin (gure 9.3). The top third of

the assemblycontainsan RFID reader The middle sectionmight hold a palm-sized
computemwith a screerto displayrelevantinformation. The bottomthird containgthe

power supply communicationand microcontrollerunits. The sidefacing the object
(notshavn) would containa camera.
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2. Pressonthenew-spellbuttonon the magicwandto begin anew rule.
3. Wave thewandoverthe clocktool 10times.
4. Wave thewandoverthelight.

5. Wave thewandovertheclocktool 15times.

9.4.2 Collaboration Potentials

Thecurrentsucces®f physicalinterfacecomponentsuchasiStuff [7], Phidgetd42],
andX10[118], andtheirlack of aphysicalprogrammingnterfacemaybeanopportu-
nity. Herethe ideawould be to separatghysicalprogrammingrom the StoryRooms

ervironment,andto allow physicalinteractiongo generateulesfor theabove systems.

9.4.3 Connectionto Universal Accessibility and Universal Control

In thelongterm,| wouldlike to connecimy work to theuniversalcontrolanduniversal
accessareas.This could openup the opportunityof a physical,simpleto usedevice
for useby otherspeciaineedpopulationge. g., seniorcitizens)to dictatetheir special

requirementso theernvironment.
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