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Abstract. The idea that teaching others is a powerful way to learn is intuitively compelling and supported in the
research literature We havedeveloped computdrased, domaindependenfTeachable Agentthat students
can teachusing a visual represtation. The studentguery their agent tononitor thér learningand problem
solving behavior. This motivates teaudents to learn mos® they can teach their agent to perform better. This
paper presenta teachable agent call®ie t t y 6 that ®&mlaes rlearning by teaing with selfregulaed
learning feedbacko promote deep learning and understandingcience domain#A studyconducted in a'5
grade science classroasompared three versionsd the systema versiorwhere the students were taugiytan
agent abaselindearning by teaching version, and a learning by teachemgionwhere studentseceived fed-
back onselfregulatedearningstrategiesand some domain contem the othertwo systers, students received
feedback primarily omoman content. Our results indicate that all three groshmswved learning gainduring a
main study where students learnt about river edesys, but the two learning by teaching groups performed be
ter than theroup that was taughthese differences pergésl in the transfer study, but the gap between the-bas
line learning by teaching and setfgulated learning group decreasetbwever, there are indications thsalf-
regulated learning feedbadietter prepared students to leamnnew domainseven whenttey no longer had
access to the setégulation evironment
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INTRODUCTION

The idea that teaching others is a powerful way to learn is both intuitivelgeiling, and one that has
garnered support in the research literature (Chi et al, 1994, ¢tali&sBrown, 1984; Papert, 1993

For example, Bargh and Schul (1980) found that people who prepared to teach others to take a quiz on
a passage learned the pages better than those who prepared to take the quiz themselves. Eae liter
ture on tutoring suggests a similar conclusion in that tutors have been shown to benefit as much from
tutoring as their tutees (Graesser, Person, & Magliano, 1995; Chi, Siler, Yeonguchi, & Has-

mann, 2001). Biswas, Schwart&, Bransford (2001) report that students preparing to teach made
statements about how the responsibility to teach forced them to gain deeper understanding ef the mat
rials. Thesestudents focused on the impamte of having a clear conceptual organization of the-mat

rials. Beyond preparing to teach, actual teaching can tap into the three critical aspects of leaning int
ractionsi structuing, taking responsibility, and reflecting

With respect to structuringeachers provide explanations and demonstrations and they receive
guestions and feedback from students that can help them to restructure the organization of their unde
standing and subsequent presentation of the material. Our studies have found e¢héd sthd teach
develop a deeper understanding of the domain, and organize their ideas better than those who study the
same material and are asked to write a summaswéBi, Schwartz, Bransford, & TA®, 2001). For
taking responsibility, teaching is fregnily operended and selirected, and teachers need to take the
responsibility of deciding which content is most relevant (Artz & Arrabaomas, 1999). Finally, for
reflection, effective teaching requires the explicit monitoring of how well ideas aerstodd and
used. Studies have shown that tutors and teachers often reflect on their interactions with students du
ing and after the teaching proceéssorder to better prepare for future learning sess{@fs, et al,

2001; Lin, Schwartz& Hatano, 2005).

Previous work on learning by teaching focused on the preparation siage the teachers stru
tured their knowledge in a compact and communicdblenat so that thegould develop important
explanatory structures in the dom&ixrtz & Armour-Thomas, 999, Bransford, et al2000. In add-
tion to the initial structuring of knowledgeur studies have found that for novice learners, a great deal
of learning occws through assessment and reflection dutimgteachingprocess The feedbackhe
learnerrecaves by observing theituteedd s per f or mance hel ps them disc
to structure what they have learnt to ensuré thikeeunderstansland canapply whatshehas been
taugh (Chi, et al, 2001; Graesr, Person& Magliano, 1995)

This hasled us to conjecture that the creation of a compptegram where students can assume
the role of Ateacher, 06 may provide an effectiyv
signed learning environments where students teach a competdraalled a Tedwmble Agent (TA),
using important visual representatipsach as concept maps, graphs, aattioes,that help structure
domainknowledge We have designed and implemented TAs to help shape student thinking and to
malke this thinking visble. The fact that TAs can show their reasoning based on how theybane
taught also helps students (and teachers) assess their teaching (and by impiisiatamnlearning)

(Brophy, et al., 1999Biswas, Schwartz, Bransford, & TA®, 2001; Biswas.et al. 2004 2005
Schwartz, et al, to appear)

TAs represent knowledge structures rather than the referent domain. This is a departuie from tr
ditional simulations, which typically show the behavior of a physical system, for example, héw an a
gebloomi ncreases fish mortality. l nstead, TAs si
system. This is important because the goal 0
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processes about a domain, not the domain itself. Learmpgieal facts is important, but learning to
think with the expert theory that organizes those facts is equally important. Therefore, we structured
the agents to simulate particular forms of thought that may help students structure tkieig tiiout
a doman.

This paper extendsarlier work(Leelawong, et al., 2002; Biswas, et al., 2005)nzyudinga tho-
rough analysis obur approach tehe design and implementation of Learning by Teaching systems
and comparing it to related past work in this afid@ comparisons are based osystematidrame-
work that includesa discussion oéxplicit teaclng activities, andow the notions of shargdprese-
tations and shared responsibilitiggsverninteractiors betweeruman student and the computer keac
able agenin each of the system3he reader should note that this framework and the comparisons
with other learning by teaching systemmstends work presented in an earlier pafiswas, et al.
2005). Tte earlierpapermmainly describd the evolution of theurrent Betty's Brain system from a gy
liminary study that waseported in Leelawong, et al. (2002An important new emphasis described
here is the incorporation of metacognition and-ssjulated learning strategies (Brown, 198h-Pi
trich and DeGroot, 199&immerman, 1986, 1989) in the interactions between the teachable agent and
the stident as well as the feedback provided by the mentor agent. Funénelata collected from the
2003 studyin 5" grade science classroome analyzed in much greater deimithis paper, and more
significant conclusions are drawn on bdtte differencesin learning performance between three
groups of studentsndtheirlearning behaviors. There is moredapth décussion of the results this
paper.

The rest of this pagy is organized as follow$he next section describes previous work in desig
ing and developing learning by teaching systems, their shortcomings, and our approach to addressing
these shortcomings. The following section describes the design and implénemat o f the B
Brain system and its application to teaching middle school students about river ecosystems. [This is fo
lowed bya description of an experimental study we conducted in fifth grade science classrdoes in
Nashville Metro areaThe result of the study are presented, and this is followed by a discussien, co
clusions, and directions fortimer study.

PREVIOUS WORK IN DEVELOPING LEARNI NG BY TEACHING SYSTEMS

A number of systems have been designed in the past where students explicittydeagiuter agent,
and attempt to learn from that interaction. We contrast this work with pedagogical &jarebdut,
et al., 2002, where the agent is designed to be a tutor with hdikarcharacteristics, and learning
companiongRamirezUresti, 200Q Ramirez Urest& du Boulay, 2004)which are designed to play
the role of a peer, but can sometimes switch and take on the r@keitof. Our focus is on systems
where the human student is the teacher and the computer agent is the student, aniégtasaod
change through the period of the interactiOnr review of learning by teaching systems indicates that
three factorplay the primary role characterizing these systems
() Explicit teaching In all of the systems, the teaching task is madsi@k In some systems,
the agent knows only what they have been taught by their sttedaiter whereas in others,
the agents pretend to learn from the students, but internally have full knowledge ai-the d
main.
(i) SharedrepresentationA representationchemeand corresponding data structileseps track
of what the studertacher has taught the agent. In some casesgphesentation isxplicit,
i.e., it is visible to the student and thgemt. h othersystemsthe representation is implicit,
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i.e., the information is stored in an internal representation in the progragnnotmade avai
able to the student img visual or textual form. In some systems, the internal repatsenis
different from the representation usadhe studenagent interfaceand
(iif) Shared responsibilityThestudent is responsible for some of the teaching and problem solving
tasks, and the agent takes on other responsihilities suppors the social aspects of learg
(Palinscar and Brown, 198&00s, et al., 2002and he goal is to makehe students and their
agents learn from each other through the interaction pregess
DENISE (Development Environment for an Intelligent System in Economicah isxample
learning by teachingystem, where the agentshao initial knowedge ands taught explicitly about
causal relations in economics using a dialog template in a peer tutoring environnodioiNL993,
1994 . T h e interactonstwihsthe studeate driven by a Socratic dialog structure. The agent
probes the studat-teacher for more informatioon materialasit is taught, but the studentia take
control at any ti me, and specify new relations
Students hee access to a dictionary that contall of the concpts they hae taught the agent. They
can also querthe agent about relatioletween conceptbut theform and contentf the knowledge
structuresused by the agemte not visible to the studentdJitimately, this lack of an explicit shared
representadn limitedt he studentsé | earning abilities-. Whil
vating, many becamérustratedwith the system becaudieey could not understand why the agent was
probing them about certain concepts and relatideghe sessioprogressedhe studentbad difficu-
ty remembering all othe concepts and relations they had taught eaRedthepu, Greer, and McCalla
(1991)useda similarapproach to designing a learnibg teaching system where the students taught
an agenusing naural languagebut the semantic ndike knowledge representation created by the
system was not viewable (nor querlyle) by the studentblo experimental studies of student learning
conductedvith this system are reported in the Iiteire.
MCLS (Math Goncept Learning System) was developed for solving simultaneous linear equations
(Michie, Patterson& HayesMichie, 1989).Students taught the system by creating exampleicos
to linear equations. The system used its baiknowledge of the stature of linear equations to learn
problem solving strategies in the form of rules from the students examples using an indaetive m
chinelearning algorithm, Iterative ID@&hapiro 1983)This system used viewable knowledge re@r
sentationbut the displayedrepresentatiofrules) wadifferent from what thetudentaught the agent
(example solutions)At any time, the student could assess the rules created by the system, by viewing
the rules and asking the system to solve a neblgro An experimental study compared thégsion
of the system tocanotherwhere the student soldesimultaneous equations bdid not teach(learning
by teachingversus learning by doing The authors reported that the MCLS condition showed the
highest preto posttest gains, but theumber of subjects ithe study wasmall, therefore, it could not
be established whethdradifferencewassignificant
Obayashi, Shimoda, and Yoshika{2000) developeda more traditionallearning-by-teaching
ComputerAssisted Instruction (CAI3ystem where tudents attended a set otteresand then solved
a set of problems othes y st e m. The system diagnosed studen
from the solutions they generated. Nesdch student enteradvirtual discussion room, whege vir-
tual agenisked them questiotisatwe r e r el at e dwebakoesseskxampdstoigdestions 6 s
asked were fido acids act on met al Anthe lasiphasevof d 0t
the study, the ageminsweredjuestions that wergosed bya virtual tutor. The agent s answ
i denti cal t o the $he huinanstudénts obsesdetheir virtual aagnesmpe&dr-ss .
mance.as it compared itanswers to theorrect solutiongrovided by the virtual tutoA study cm-
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ducted by the authors reported that the group that used the Iebyri@gching CAl system scored
significantly higher than the group that used a-tade versiorof the systenmwithout the virtual
agent The participantsalsoreported higher levels of motivation and effectiveness of learning when
using the virtuabgent vesion of the system.

Chan and Cho(1997)conducted a preliminary study to compare different approaches oi-intell
gent learning environments that included peers. The stahgructed around two types of agents, a
tutor and a peer, required students to construct and to detpugrogramsThe peer wasa human or
a softwareagent The tutorwas designed to be traditionalintelligent tutomg system(Wenger,
1987) The prepaost experimental study conducted by the authors showed thab isituations,one
wherea real student acted as thutor and asecond which userkciprocal tutoringnethodsshowed
the best score improvements. The surprising result washiatudentsvho wereasked to leariy
themselvegerformed better than tHearningby-teachinggroup Further analysis revealed that the
learning by teaching groupasjust givendebuggingtasks during the study. Unlike the other groups,
theywere not asked to periorcode generatiotaskssothey did not get to use the code editor, which
wasfound to bevery helpful in learnind.isp syntax angprogramstructure As a result, thee students
wereless prepared to tackle thaestions ormode geeration in the post test

Ramirez Uresti and du Béay (2004) developed a system called LECOBA, where students
learred from tutor agentsand then soha problems either by themselves or with a learning @mp
nion agentln experimentd hey st udi ed st uden stodyg cdmpamionnagemty, wi t
and with strong or weak motivatiohgrompts to the students to interact with tigents. They d»
lieved that the students who were in the WeaknpaniorStrong notivational promptscondition
would have the most opportunities taie by teaching. In contrast, they believed that the students in
the StrongcompanioWeak promptgi.e., not strongly encouraged to interact with their agents) would
let their agents take on most of the problem solving tasks and become passive ISahemss in all
four conditions showed learning gains from pre to post tests, but ther@avsignificant differences
in learning gains between the four conditions. They did find some evidence that teaching or giving

suggestions to the agerisnefiteds udent sd | earning. Al so, studen
to have significantly more interactions with their agents (expected), and also ended up solving a larger
number of probl ems. However, st udent saterialdhatd n ot

they tried to teach or provide agygestions to their agents.

In all of the above studies, the sbdresponsibilities of teachinfgarning and monitoring what
was being leartned eemed t o have a positi vedmotiwatidnto lrarce on
The questioranswer mechanism in the Virtual Clemsm, the derivation of a general rule fronust
dent examples by the MCLS systetime reverse Socratic interactions in DENISE and(Bedthepu,

Greer,& McCalla 1991)system and the iteractions with learning companions in LECOBA (Ram
rez Uresti& du Boulay, 2004)werejudgedto be useful byhe students, and they stated thancou-
agedthem to generateelfexplanatios. The negative result on the learnibgteaching systemer
ported in(Chan& Chouy 1997)and to some extent ithé LECOBA systenmay be explained by the
absenceof explicit sharedrepresentations armésponsibilites during the teaching and learning tasks
(e.g., gemrating and debugging program code togetkiersus justiebugging agerjenerated code).
Thismay bethe reasorfior thes t u d lewetpaférmances.

An explicit viewable shared representation of the knowledge being taught to the computer agent
also proved to be important in driving the learning pracEisspositive results latained by Obayashi,
Shimoda, and Yoshikaw@000)may be attributed to the fact that thgenés knowledgewas always
availableto the studenteachey and t he content waestoprioragqoestbng t he
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A similar conclusion carbe drawnfor the MCLS gstem where the rules generated by the agent,
could be viewed by the studerdasd used for solvingther problemsOn the other hand, students
could not view theknowledge structuresreated bythe agent in the DENISE systeand thiscaused
frustration becauseafter some timethe studentsfound it difficult to understand tlireagend s ab e h
vior.

To summarizethe previous work in computérased learning by teaching systepastially dem-
onstrate the effectivenessf explicit teachingtaskswith shared representatisandshared respons
bilitiesin facilitating learning and motivatiomhe use of explicit sharedepresentationsnay provide
the social interaction framework that promosbsired responsilify. Sudentsget a chance tobserve
and analyzehow theirteachable agents applyettearnt knowledgeto solve problemsand, in this
processthey may learnto monitor theirown knowledgeWe exploit thisframeworkin designing a
morecomprehensive learning by teaching system that emphasizes shared representation ared shared r
sponsibilty as students teach a computer agent.

IMPLEMENTING TEACHABLE -AGENTS: THE BETTYSYSTE/IRAI N

Two principles drive the design and implementation wf Beachable Agenfearning environmest
The first oneensursthats t udent s®é acti vi ties i n thteddsstinttphar ni ng
es of the teaching process., (i) preparing to teach(ii) teaching and intexcting with theteachable
agent and (i) monitoing and rdlecting onwhat the agent has learnadd using this information to
make preparations to teach furtl€olton & SparksLanger 1993) The second ensures that intera
tions between the student and their T& based oran explicit shared representation and shaeed r
sponsibility. In additionsinceour target participants are middle school students who lack teaching e
perienceand domairknowledge in the particular field of study, the system pravigi@phicalinter-
faces for creating the knowledge structures for the domainadditional supporin the form ofscd-
folds to help students through each of the stages of their teaching and learningeprocess

The interface to the TA system that is the focus ofghésp e r Bettyds Brain, [
The current version of the system is designed to teach middle school science studemigcaleoo
systems. Betty, shown as a cartoon face on the left bottom of the screen, is taught using a concept map
represatation (Novak 1996) Learning by teaching is implemented as three primary compan@n
teachBetty using a concept map, (jueryBetty with your own questions to see how much she has
understood, and (iiijuiz Betty with a provided test to see how well she does on questions the student
may not have considered. These activitiesuareally embedded within a larger narrative (e.g., teach
Betty so she can pass a test to join a science club) (Biswas, et al. 2005).

<<Figure 1 here>

An example concept map appears in the conceptadapr pane irFigure 1.The map represents
the entities or concepts, such fish andalgae and their relations, (e.dish are atype of animalsani-
mals breathe dissolved oxyg@tants produce dissolved oxygemdalgaeare atype of plantsthat st-
dents have taught Betty abaiver ecosystems. Concemap creation is facilitated by a graphicaited
(see concept map editor control panel) ammbiat and click interface. To add a new concept students
click on the ATeach Conceptodo box, and type in t
the editor pane. To create a lintbwe en t wo concepts, students clic
drag the pointer from a start node to a destination node. A link appears along with a dialog bex and st
dents then enter specific details about glation into this box. Relations can (i) hierarchical tphe(ii)
descriptive, and (iii) causal. For causal relations, students have to specify if the relation implies an
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creaseor adecreasan the destination concept. For exammajmals breathe dsolved oxygeris a
causal relation, which causdissolved oxygeto decreaséVhereas students can create three different
kinds of relations, the study of causal relations in building a model of égpeardence among entities in
a river ecosystem is thedus of this work.

Once taught, Betty uses qualitative reasoning metffeaidbus1984)to reason through chains of
links (Leelawong et al. 2000, Biswas, et al., 2008)e describe the qualitative reasoning and explan
tion mechanisms in greater detailtire next sectioriThe student can click on tli&sko button to bring
up a templateandaskq u e s t i o0 n i§ macreinvestébratasscredse what happens to bactege
response to this query, Betty reasons using the concept map, and generates an asswehin-a s i
crease in macroinvertebrates causes no change in bactéria | f t he st udent reque
clicking on thefiExplaind button, Betty explains her answer using a combination of speech, text, and
animation mechanisms that highlighttcausal paths in the map that she employs to generate-her a
swer.

A set of quizzes created by the system designers and classroom teachers provides a siynamic a
sessment mechanigimat allows students to asséssv well Betty, and, they tiheselves have Ened
about the domain. Students &3#tty o takea quizby c | i c ki ng o n. Betth @mkeditligu i z 0
quiz, and her answers ageaded by the Mrtor agent, Mr. DavisBetty (and the studengre shown
the results on paneat the bottonof the screenTheMentor alsqrovideshintss( A Ti ps far om Mr
v i godhgelp studemtdebugand make corrections itleir concept mapThe current version of the
Bett y6s Brain system has tth6aquestiogsuThefiseset ofguizigdee a ¢ h
tionsdeal with the primary entities in the river ecosystem, i.e., fish, macroinvertebrates, and algae, and
the oxygen cycle that connects these three sets of entities. The second set of quiz duastiams
thefood chain, and the third sate directed téhe waste cycle, which involvdmderiadecompaing
organicwasteproduced by fish and dead plantspt@due nutrients. The map the students buit b
comes progressively more complex as more concepts and links are added, and spidajthestions
andthe reasoning mechanism for generating answens.the more complex questionsydents (and
Betty) have to reason through multiple chains of links and aggregate information to derive answers.
Students typically work sequentially through quizzes 1 touB,abe provided the flexibility of going
back and forth among the quizzes if tmedto.

To learnandteachBetty so she may answer the quiz questions correstthgients have access to
a variety ofonline resourcessuch asif domain resources organizas searchable hypertext so students
can look up information as they teach Betty, (ii) a concept map tutorial that provides students-inform
tion on causal structures, and how to reason with these structures, and (iii) a Mentor agent, Mr. Davis,
who proviks f eedback about l earning, t eac hwhangthe and
student requests it

The graphical user interface allows students to move seamlessly from one phase to another as
they are involved inlearning, teaching the agent, amb ni t or i ng and refl ectir
their own performancé_eelawong, et al., 2002; Davis, et al., 2003) addition, it plays the role of
aneasytousg i s ual programming | anguage t Haskinadkl evi a
ing theconcept map structure to teach their agéftieB e t t y 0 systeBiisaniplamenteid Java
(Java 2 SDK vi1. 4. 2jtospeéech éngire (Midiosoft Bpsechf IDK 5.1)tireco t
junction with JavaSpeech ApplicatioPrograminterface for Windowsplatforms (Cloud Garden
v1.3).
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Qualitative Reasoning with the Concept Map

Betty uses a qualitative reasoning mechanism on the concept map that the student has taught her to a

swer gquest i dfrcenceptfA charlyes whatyhappengito concept Bite &n provide et

tails of how she got her answer if she is askect
The reasoning mechanism uses a simple chaining procedure to deduce the relationship between a

set of linked concepts. Talerive thechain of eventsi.e, the efect of anincreaseor adecreasan

conceptA on ConcepB, Betty propagatethe effect ofthe changein conceptA through allof its out-

goingcausallinks (i.e., follow the link from concept A to all its adjacent concepts) by pairwiseaprop

gation using he relations described in Table 1. This process is repeated for the next set of concepts,

which now have amssignedncrease/decrease valuegd®ated application of this step in a breadth

first manner creates a chainefentsthat defineghe effect of he change in the source concef) 6n

the destination conces).

Table 1
The pairwise effects Change in Concept B given a change in concept A
Link Relation

+L + *s —s - L
2 + + + + — - —L
I + +L + *s -s - —L
£ *s + *s *s s -s -
g -s - —s —s +s +s +
G - L - —s *s + L
e
O —L —L —L - + + +

If the number of incomingausallinks on an incoming node along the propagation [atnore
than one, the forward propagation stops until all incoming links are resolved. To derikestit

from two incoming | inks, we use the combinati ol
an inconclusive change (attributed to the ambiguity of qualitative atiitthme
Table 2
Aggregating results from two paths
Path 1
|t s s = |10

o L] F | Hs] ?
+ |+ s ? s

3\

o |||+ |+ ?2|-s| -

E T + |+ ?

o Lls s| Tl =|—1|-L
—|*s| ?|=s| — ||
Tl ?]=s|—[=|=]

If the number of incoming links is three or more, we count the number of changes that fall into
the six categories: large(), moderatg-), and small decreased and small (%), moderatg(+), and
large (1) increase. The subscripts S and L in Tables 1 and 2 stand for small and large, respectively.
Combine the corresponding (i.e., small, medium, and large) changes; alwagtstlie smaller
number from the larger. For example, if there is one arc thatsgaght decreasé-s), and two incen-
ing arcs that sagmall increasd+s), the result is derived to besmall increasd+s). To compute the
overall effect, if the resultamalue set has all increases or all decreases, we select the largest change.
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Otherwise, we start at the smallest level of change and combine with the next higher levelsn succe
sion wsing the relations defined in Table 2. The overall qualitative reasonéodpanism is a simplified
implementatiorof Qualitative Process Theory (Forbus, 1984)

To illustrate the reasoning process, we outline the explanation that Betty generates when she is
asked t o an s \fenacroinvertghmatesnéreasewhat hdppes tobacterid? 6 usi ng t
concept map shown in Figure The qualitative reasoning mechanism employs a brdadttsearch
to find all paths that lead from the source concept to the destinahoaptoFor the given query Betty
finds two paths, onefrooma cr oi nvert ebr at es Yeiaaand ansacbnsl on¥ froma s t e
macroinvertebr adissoled Uxygath i bnad iserYit A e st ude.Sheds co
uses the relations specified in Table 1 to determine thatca@asein macroinvertebratesauses an
increasein bacteriaalong the first path, and ancreasein macroinvertebrategauses a decrease in
bacteriaalong the second pathising Table 2, she then derives the result by aggregation, and this
produces the answer thddacteria do not chnge 0

When asked to explain her answer, Betty breaks down her explanation into chonalketib ea-
ier for the student to understahdrreasoning processe&s he f i rst summarifaes he
increases | think B decrease@hen she works bawards, explaining each path to the destination
node (i.e.B) individually, and therdescribingto the student how she aggregates the answers derived
from each pathFor the example above, Betty first expkihat there are two paths framacroinve-
tebratesto bacteria Shefollows that by describindghe chain of events for each path as individual
steps in her explanation, and then ex@die aggregation proceas thefinal stepof the explanation
Preliminary experiments showed that students finehgier to follow the reasoning process and the
explanation, if it is put together in this wépavis, et al., 2003)She reports these findings verbally,
and illustrates the process in the concept map by animation. The system also in¢ilidésLagd
button. The Talk Log keega record of all ppvious conversations, and students can access them at any
time, to review prenus dialogs.

Metacognitive Strategies and SelRegulation to supportLearning
Cognitive science researchers have established thatogeition and selfegulationplay an mportant
role in developing effective learners in the classroom and beyond (Bransford, Bra@atking, 2000;
Brown 1987; Butle& Winne, 1995; McAlpine et al., 1999; Zimmerman, 1989). ml¢arning context
seltregulated learning (SRL) describes a set of comprehensive skills that start with setting goals for
learning new materials and applying them to problem solving tasks, deliberating about strategies to en
ble this |l earning, monandrti mgn omewiss ilreg@aroan s pl
strategies as new materials and strategies are learnt. In conjunction with these higher level aognitive a
tivities, social interactions and motivation also play an important role in theegealation proces
(Goos, et al., 2002; Weineit Kluwe, 1987)

We believe thathetwo interacting factorsf our TA implementations: (i) the visual shared eepr
sentation that the students use to teach their agents, and (ii) shared responsilidityetsathe posite
effects of social interactions to learniage particularly supportive of self regulatidinese manifesasa
joint effort between the students and their TAeTstudent has the responsibility for teaching the TA (the
TA knows no more and no less thahat the student teaches it), whereas thaak&s orthe resporis
bility for answering questions and takingte§is.e s har ed representatmn-on pl
swer questions independent@sults in guationsw h e r eseltmiorgtorifgd t sskaked between the
agentwho does the reasoning and gesb solving,and the student as teacheho is responsible foas-
sessment and evation of performance. This reductionéognitive loachelps students sedfssess their
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knowl edge bd drpd off eketcombi nation of this proje
make their agmptsthe stuslantcta leam anore gnd tehetir agent agaiso she may
perform even kiter.

Other considerations, such as the fact that misicl®ol stdents are both novice learners aod n
vice teachers in the domain have |l ed us to desi
and monitoring tasks. The system includes extensive resdrgoes/hich the students can learn domain
knowledge (Biswas, et al., 2005) Students can also seek help from the Mentor alygntDavis, who
answers general questions on learning, teaching, ancegaltion strategieddr. Davis also provides
the outcome feedback when Betty takes a iz agent r acks t he students and
and occasionally intgenes with specific help.

Bettyds persona i n t heeguitidhBiswasresal. 2005nd metaogr p or at
nitive strategie¢Biswas, et al., 2005; Schwartz, et al., tpegr) Table3 provides a summary of some
of her selfregulation characteristidhat drive her interactions with the student. For example, when the
student is building the concept map, she occasionally responds by demonstrating reasoning through
chains é events. She may query the user, and sometimes remark (right or wrorlgrtnagweridoes
not seem to make sensé&he idea of these spontaneous prompts is to get the student to reflect on what
they are teaching, and perhaps, like a good teacher chack t hei r tut eeds | earni
times, Betty may directly suggest to the students that they need to query her to ensure that she can reason
correctly with the current concept map. At times, Betty refuses to take a quiz, because she fidads that
has not been taught enough, or that the student has not given her sufficient practice by exfddgng qu

The Mentor and Bettyds intermrac&ti  ngnsyat &mdtiha
terns of behavioro frtcme tstyes tetmu daenrdt sBée t & o/tdisv ipteir
(see Table 3). One of the primary considerations in designing the Self Regulation patternsl-and fee
back is to help students move away from directed monitoring and feedback to mouadssdf moi
toringtha governs their | earning and r ewmaorniotno rtiansgk
ai ded bnyonfiottohreirngo i s the key thog.preparing stud

EXPERIMENTAL STUDY A ND RESULTS

One of the primary goals of our experimergaldywas to demonstrate that learniogteaching with
metacognitive support for seiégulated learning helps students develop better learning strategies, and
prepares them better for future learning on related topics, even when this learning happend theside o

TA environmentTo accomplish this, the SRL version of
the previous section was compared against two other versions of the system. One was the rwontrol co
dition, where the students were taught by a pedagbgigyent (i.e., non learning by teaching dend

tion). In the second condition, thaidént taught Betty, but received no metacognitive feedback from
Betty or the Mentor (barebones learning by hirag system). However, in both the control condition

and thebarebones learning by teaching system, the Mentor provided corrective feedback after Betty
took a quiz. We describe the three systems in meieg! helow.

Learning by Being Taught (ITS) System:This system represented our control condition to help e

tablish the differences between learning by teaching and learning by being taught. We called the ITS
system because the system resembled a pedagogical agent (Clarebout, et al., 2002). The students were
directed by Mr. Davis, the Mentor, to construct conceptanhat correctly answered three sets of quiz
guestions. Students had access to online resources to learn about the domain as they built their concept
maps. The query feature was also available to them so they could debug their concept maps as they
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built them. Mr. Davis responded to queries, and provided students with the answer and an explanation
of how the answer was generated if the students requested it. When students submitted their maps for a
quiz, Mr. Davis graded the quiz and provided corrective etk that was based on errors in the quiz
answers (Tan, Biswa& Schwartz, 2006). His suggestions centered on how students should correct
their concept map to improve their performance in the quiz. For example, iithestt 6 s answer
following ques t i i bacteridiincrease what happens to dissolved oxyggen®va s i nhconf r ect ,
t or f e e dToamsker thisagsiestioriicorrectly, there must be some way that bacteria afects di
solved oxygen. Look at the resources to describe the link betwetenidand dissolved oxygén. T h e
Mentor provided separate feedback for each quiz question that had an ina@nent a

Barebones Learning by Teaching (LBT) systemStudents were asked to teach Betty by creating a
concept map so she could pass a tesf@ndhe high school science club. The students had access to
the online resources, they could query Betty to see how well she was learning, and they could ask Be
ty to take quizzes with Mr. Davis at any time during the teaching process. After Betty tpok Mr.

Davis graded the quiz, and provided Betty and her stitdanher with the same rective feedback

as in the ITS version of the system. When students asked Betty a question, she respondednwith the a
swer, and provided arxplanation, when askie much like in the ITS system.

Learning by Teaching with Self Regulated Learning (SRL) system:This system represented our
experimental condition. Like the LBT system, students were asked to teach Betty by creating a co
cept map so she could pass test tand join the high school science club. The students had access to
the same domain resources as the ITS and LBT groups. The query feature and the quizzes were also
identical for all three groups with the only difference that Betty answered questiotmsoéritie quiz
in the SRL and LBT conditions. In the ITS system, the Mentor answered queries posed by the st
dents, and graded the quiz that theleht submitted as their own work.

The primary differencebetweenthe SRL systenand the other systems caa tharacterized by
(i) Bettybs i nt e-teachet, and (i)ghe feedbaftbmihe MentsrtaftedBetty took
a quiz. As discussed earlier, Betty was more responsive during the teaching processirgecadier
tions with the studentvere guded by the selfegulationfeatures listed in Table 3. If she did not do
well on a quiz, she would requdstr studentteacher tdook up the resources, learn more, and then
teach hemoreso she could do better the next time. Shggested that she woukhrn better if her
studentteacher asked her questidnscheck if shainderstoodvhatshe beertaught. Most important,
Betty insisted that she be asked questions to check whether she had learnt the masetisl Cbin-
erwise she refused to take thexjoy stating H8y, you havendét taught me
quiz. My score will surely be the same. Teach me something, and ask me some questions to make sure
| undestand, before you send me to take anotheruiz.

The Mentor agent, Mr. Davislso provided guidancthat was framed irself regulation pn-
ciples as opposed to the corrective feedback provided by the LBT and ITS systems. For example,
when Bettycould not answer all of thguiz questionsorrectly,the Mentor made a number of sugge
tions to Betty and her studetgacher:

fiBetty, to do well on this quiz you must understand the causal relationships that make up the
chain of events that happen in the river. A chain of direct relationships produces a chain of events.
Paying attention inclass leads to better understanding and better understanding produces better
grades is anx>ample of a chain of events.
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Betty, below is a part of the chain of events you need to know to answer the quiz 2 quastions co
rectly. Your tutor will have to figureut how to use these hints to teach you with the concept map, but
you can help your tutor by giving explanations for your answers to the quiz questions. Remember it is
a good idea for your tutor to get an explanation from you for the first question ®iula. Check
back here after you take the quiz again for more parts of the chain.
Fish live in the river, and while they help algae by exhaling carbon dioxide, algae also depend on
fish and macroinvertebrates in another way. Fish make their waste nivére and this waste plays
an important role in the interdependence between fish and algae.
Also, don't forget to look at the resources if you need more information.

Table 3
Self Regulation Patterns and Feedback
SeltRegulation Related_ T_ask Teachable Agent and Mentor feedback
Feature or Activity
o Agents encourage student to ask questions. Agent answesrs ¢
Monitoring . . . .
Knowledge Query tions and provides explanat|on_s. Suggests general debugging
egies.
TA and Mentor ask stughts to reflect on the questions nos-an
Monitorin wered correctly to determine what to learn. Mentor discourag
Knowled ge Quiz students from using trial and error methods to get a particodar,
9 swer right. Mentor advises students to reason using chains
events.
Formative Query and Students can ask agent to explain their answers. Providega ¢
SelfAssessment Quiz borative environment for sel{issessment.
Goal Setting Ask Mentor When asked, Mentor glveztig\)/llce on what to study and how|
Keeping records and Quiz TA keeps track off and makes student aware of changes in g
moritoring performance.
. Look up an- . .
Seeking . Resources structured to help student access information by tg
. line resources .
Information Mentor provides help when asked.
Ask Mentor
SOC""}I mtera_tlons TA behaves more like an enthusiastic peer than a passive tu
(seeking assistance) All . . :
Makes suggestions @trategieshat mayimproveherperformance,
from peers
Social interations When asked, Mentor volunteeadvice on how to be a better iea
(seeking assistance) Mentor er, a better teacher, and learn from the resources. Mentor alsq
from Mentors vides situatiorspecific advice fier TA has taken a quiz.

The feedbaclkncludes metacognitive hints about howb® a better learnemd monitor Bett§ s
(and, therefore, o nkaurherthe feedbackls éoausedoreronleamingabaute s s .
chan of eventsrelated tointerdependencamong entities in the river ecosystdm contrast the ITS
and LBTfeedback was directest the errors it h e s tconckpt mapsAS illustrated earlier, this

feedback often pointed to missing concepWes or
note later in our experimental evaluation that this led the SRL group to struggle initiallyitegce
were asked to focus more on fAhow to |l earn, o w

groupspointed tdocalized changeis their concept maps to get the gaizswers right
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Experimental Procedure
Two sections of a fifth grade classroom imNashville Metro school was divided into three equal
groups of 15 students each using a stratified sampling method based on standard achievement scores in
mathematics and language. The students worked on a pretesbwgjtiestions before they were sep
rately introduced to their particular versions of the system. The three groups workfdefds-
minute sessions over a period wfotweeks to create their concept mapsriver ecosystemsAll
groups had access to ts@meonline resources while they woixken the sgtem.

At the end of thdive sessions, every student took a gest that was identical to the pretest. Two
other delayed posttests were conducted about seven weeks after the initial experimenen{ra
test where students were asked¢gareate their ecosystem concept maps from memory (there was no
help or intervention when performing this task), and (fyeparation for future learning transfer test
where they were asked to construct a concept map and answer questions aboubteldnitrogen
cyclein two sessionsStudents had not been taught about the nitrogen oydiass so theyhadto
learnon their ownfrom theresourceprovided with the learning environment

Hypotheses and Measures
As discussed earlier, our primargals were to study the (@ifferences in learning between students
who taught and those who were taygttd (ii) effectiveness ofmetacognitive and seftegulated fed-
back in preparing students for future learnie hypothesized that tHearning by taching groups
(SRL and LBT)would do better in learning domain content in the main and transfer studies than the
ITS group.We further hypothesized that the metacognitive feedback provided to the SRL group in the
main study would make them better learrtbem the LBT groupWe alsohypothesizedhat the SRL
group would develop better learning behaviors than the ITS and LBT groups in the main study, and
this behavior would persist in the preparation for future learning study even when the scaffolds and
feedback were removed.

Student learning in the main study wasasured bya) pre-post test gainspj andprogressionn
thest udent s 6 sawmsrHraresessionnoasessiolhe memory test conducted just before the
transfer testshowedhow many concept and links fronthe original ecosystem concept mafidents
were able to reproduater sevenweeks.The PFLtestwas conducted on a domain that the students
had not studied beforetulent learning wasneasured by computing ttseores We alsoanalyzed
ssudent sb6 | e édylooking gt thdieetivity patteynsnsthe main and the transfer studye
experimental results aresdissed in the next section.

All of the data required for the analysig.,t h e s tactidtieson thesystem aseWas their
concept mapat the end of each sessimas extracted frortog files. The oncept magscore included
the number ofi e x perfitroe laervda nt 0 ¢ 0 mc & phtes sda nbhedpts and inkma p s
werelb el ed as e x pnahe éxpert mdpConcépts ynd linksihatwere not in the expert
map, but were discusséa the resourcesand corresponded to a correct understandintpe domain
wereg r a d e d v a 8 Tthé murmbereof validonceptglinks)i n a st uwhethetsindahana p
expert and relevant concefflisks). Valid Concept macoresat the end of each sessiwererecod-
edasthenumberofe x pert concepts and |l inks and vialid col

2]nvalid and irrelevant concepts and links in the main and PFL study are not discussed in this paper. The accuracy
the memory teshap is defined as the difference between valid and invalid concepts and valid and invalid links. Le
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In addition tothe concept magscores,we recordd s t u d exteraciods withthe systenby
countingthe number ofquiz attempts, queries asked, and resource accéssgsnadeper session.
Quiz attemptsre linked to seHassessment, queries to salbnitoring, and resource accesseseex-
ing informaton from external contentWe computed the averageimber of quiz requests, queries
asked, and resourcecesses$or each groumcross all sessions in the main study and the transfer test.

We should clarify that neither Bettyor Mr. Davisdirectly promptthe students to ask queries,
read the resources, or take the quis we stated earlieMr. Davis provides feedbaabn errors and
omissions in thes t u d eoncepd Maps in the ITS and LBT conditions. the SRL conditioriVir.
Davismakes suggestionsuch asasking the student todk uptheresoucesonthetopic (e.g., phoo-
synthesis, waste cycl)attheyareteachingBetty or toaskBetty questiongo see if she understands
whatthey have taught heHe does notequirethatstudentgerform thesactions Therefore, we é&-
lieve that the data we haamalyzeds not drectly biagd by Mr. Davisfeedback.

Results

Learning Domain Content. The change in preo the postestscoresthes t u d eoncep dap
scoresat the end of each sessidaringthe main studyvereanalyzed along with the scores Know-
ledge Retention and Preparation for Future Learning. tests

Pretest and Posttest Results

The pre and posttest contained 6 questioite first hreequestionsaskedstudentdo define andx

plain in their own wordgshe concepts of interdependence, balance, and chain of events asrthey pe
tained to an ecospher&n ecospherés a small sealed glass container that cortaater, a few small
stones, a plastic branch, algae, macroinvertebratessamne bacterig-or these three questionsy-st
dents received full cred{@ points)if they provided a general definition for the concept. They received
partial credit if they could explain the concept by relevant exam@lasstion sad two partsn mul-

tiple choiceformat. Part 1asked thestudents tgick the answer that correctly descrilibe role of
macroinvertebratein the ecosphereandpart 2asked a similar question fbaceria. Multiple choice
guestions were graded as correct (full scoee, 2 points each) or incorrect (no scorefor Questions

5 and 6studentsvereasked to order given a set of eventsto a causathainof events corresponding

to a particular scenario in the ecosph&eaestion 5 asked about thequence of events that vidie
observed in the ecosphéfextra algae weradded to thesystem.Question 6 asked for the sequence
of eventghat would be observaeghenthe ecosphere was exposeditoexcssive amount ofight for

10 days.Students received full credi8 points)for coming up with the right sequenoéevents and
patial creditif some but not all of thevents werén the right sequence.

All three groups showed pte-post gain in the total quiz score (p < 0.0&)hen one compared
the scores for individual quisns, theimprovementin score was statistically significantonly for
Questions Xdefinition of interdependencand4 (role of bacteria and macroinvertebrates in the river
ecosystem]Mann Whitney,U = 681,p < 0.01 and U = 644.5 < .005, respectitg]. There was a
ceiling effect for questions 5 and 6 (the average score for these questions on dred rediess
were 85% or higher), which may explain whyesepre to post test differencdsr these questions
were not significantPairwisecomparigns ofpre-to-posttest scoragjainsbetween groupdid not show
significant differencedor any of the six question3he results indicate thall students leat domain

lawong (2005) analyzes dmtdnvalidand irrelevant concepts and links in the students main and PFL stegy co
maps.
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content duringhe main studyandno significantdifferencesin learningwere obsered between the

groups.

Concept Mamnd Quiz Scoregacross sessions: Main study

GLM MANOVA run onthe number of expert concepts and lirdksd valid concepts and links the
ly groupang sessimsh@yved that all three grougtowed inprovements in

student sb

their corcept maps as the session progregsed Figures 2 and.3) h e
at the end of the™main study sessioare summarized in Table The results of the tests for sign
ficance are summarized in Talde

<<Insert Figures 2and 3here>>

student sob

TheLBT and SRL groups had a significantly larger numbeggfert andralid conceptsaswell
asvalid links in their final concept maps than the ITS gr@¢lipkey HSD,p < 0.05. In addition, the
ratio of expert to valid @ancepts and the ratio of expert to valid links (Fe4) for the ITS group are
significantly higher (>90% for expert concepts and78% for expert links) than the LBT and SRL

groups (R4, 38 = 3.7,p < .05 and R s5= 6.3,p < .001, respectively; dkey HSD,p O

. W believe

that thisimplies that the two learning by teaching conditions (LBT and SBb) amore comprehs
siveapproachin their ownlearningbecause they weteachingBetty. ThelTS grouphad a narrowd-
cus, which was building mapbat answered the quiz questions correctly. Therefore, their concept
maps were mainly made up thfe expert concepts and link§he LBT and SRL stlents seemed to
take on the task of teaching Betty well. Therefore, they not only wanted her to get tlasuers
right, but theyalso tried to teach her more to help her prepare for her future test. To teach her more,
they seem to have put in more effort to learn about river ecosystems for themakhadsoobserved
during the studyhatinitially all three groupsrelied heavily orthe quiz questions to determine what
concepts tanclude intheir mapsSince # three groups had equal access to the quiz questions, it is
unlikely that the LBT and SRL group were at a disadvantagdentifying the expert coceps. It
seems the cover story atitk act of teachingresulted inthe LBT and SRLgroupsinterpretng their
own learning task dferentlyfrom the ITS groupThese differences maye attributedo the focuson
performancedy the ITS grouprersusthe focls onmastery goalby the LBT and SRL group&.qg.,
Amesé& Archer, 1988).
When it came to feedbacthe ITS and LBT groups received corrective feedback (how to correct
their concept maps to get quiz answers right) from the Mentor after a quiz, wher&&4_theoup e-
ceived more metacognitive feedback (how to be a better lea@mg)may conclude that the lack of
domainspecific feedback may have hurt the SRL group performance, bdifidsences in feedback
did not produce significant learning differescbetween the SRL and LBT groups in the main study.

Table 4
Concept Map score by Group at the end of the main study
Expert Cancepts Expert Linls Valid Cancepts Valid Links
(Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD)
ITS 9.88 (1.54) 9.18(3.56) 11.65(3.B) 13.24(3.88)
LBT 11.41(1.18) 10.24(4.97) 18.12(5.42) 21.94(3.65Y
SRL 11.18(1.33§ 7.88(3.66) 19.0q4.51) 19.47(4.67}

%ignificantly better that ITS, p < 0.01

conce
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Table 5
Significance Levels of ConcefMap Measure Comparisons (GLM MANOVA te¥in the main study
Expert Cacepts Expert Links Valid Cancepts Valid Links
Time F (4,38)= 48.8 F (4,38)= 59.5 F (4,38)= 40.3 F (4,38)= 98.4
p < .0005 p <.0005 p <.0005 p < .0005
Time * GrOUp F (8,76)= 2.7 F (8, 76)= 1.1 F (8, 76)— 30.7 F (8, 76)= 2.8
p<.05 p=.40 p<.001 p<.01
ITS & LBT Tukey:pO . (0 Tukey:p> .05 Tukey:pO . 0 Tukey:pO . O
ITS & SRL Tukey:p 0.05 Tukey:p > .05 Tukey:pO . 0 Tukey:pO . O
SRL & LBT Tukey:p > .05 Tukey:p > .05 Tukey:p > .05 Tukey:p > .05

<<Insert Figure 4 here>

Knowledge Retention

After a ®venweek delay, students were asked toeatether main studyconceptmapsfrom meno-

ry. They used the concept map editor to create their maps but did not have atleessturces, the

quiz, andthequery feature§ r om t he Bett y 6 s nBentaTable6summadriteghe | TS ¢
results.The SRLgrouprecalled more concepts and linken the ITS and LBT groupbut these di

ferences were not statistically significafihe surprising result was that the students convertedna nu

ber of causal links ithe main study to descriptive links in the memory test (the Converted Lihkks co
umn).Thisindicatesthats t udent sé wunderstanding of the i mpor
of events wagncomplete This was further supported ltlre lackof significant improvement from pre

to post on the question for defining chain of eventswith appropriate scaffolds in the main study,

such as the query feature, the quiz questions, and the feedback provided, students did create more
causal linksThis also lappened in th&ansfer testwhere thequiz and query features were available,

but there was no feedback from the Mentarthe future, we will conduct more detailed experiments

to determine if stdents really understand and are able to use of the carsadpt map structure.

Table6
Memory Test Concept Map Comparisons
Main Study Memory Test
Valid Cancepts Valid Links Valid Cancepts | Valid Links CoLr;\n/E;ted
(Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD) (Mean, SD)
ITS 11.653.76) 13.24(3.88) 8.2(1.95) 2.13(1.34) 4.4(2.88)
LBT 18.1(5.42) 21.94(3.65) 10.22.32) 2.13(1.46) 7.0(2.92)
SRL 19.04.51) 19.47(4.67) 10.61.74) 3.01(1.50) 5.3(1.92)
Figure5pl ot s t he accuracy of recall concepts

maps. Accracy was computed as the differetetweenvalid concepts (links) and invalid (incorrect)

concepts

(l'inks) in

t he

s t SR groupperformedmarginellpli¢- ma p s .






