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ABSTRACT act of teaching, a person more effectively leamnt @ssimi-

This paper describes the interface components for a system I‘_'ﬂes do_mam anWIedge than_thrOUQh s_tandardlzetﬂuo-

called Betty’s Brain, an intelligent agent we have developed for tion, which may include studying for quizzes anstde We

studying theearning by teachingaradigm. Our previous stud- ~ have deployed teachable agents into K-12 scienass<l
ies have shown that students gain better understanding of do-rooms, and present, in this paper, an assessmée effec-

main knowledge when they prepare to teach others versus whentiveness of our interface.

they prepare to take an exam. This finding has motivated us to L L I
develop computer agents that students teach using concept mapWe begin with the motivation of our work and placi the

representations with a visual interface. Betty is intelligeot context of related efforts. Next, we provide a dipsion of
because she learns on her own, but because she can apply qualthe interface and capabilities of the teachableadgetty’s
tative-reasoning techniques to answer questions that are directly Brain. Then we demonstrate by walkthrough examiyieis
related to what she has been taught through the concept map.cal user activities and behaviors in their intagactvith the
We evaluate the agent’s interfaces in terms of how well they agent, and analyze how these activities impact thaining
support learning activities, using examples of their use by fifth of the domain material. An assessment of how tiséesy's
grade students in an extensive study that we performed in ajntarface supports the learning activities hasusdo pro-
Nashville public school. A critical analysis of the outcome of spose a new design for the intelligent user intexaor

our studies has led us to propose the next generation interface . . .
in a multi-agent paradigm that should be more effective in pro- teachable agents that we believe will be a morecetfe

moting constructivist learning and self-regulation in the learning IMPlementation of théearning by teachingaradigm.

by teaching framework. The Context for Our Work

Categories & Subject Descriptors:  [1.2.11] Distributed The idea that teaching others is a powerful wajeson is
Artificial Intelligence -Intelligent agents both intuitively compelling, and one that has gaedesup-
General Terms: Design, Experimentation port in the research literature. For example, Baugth Schul

[1] found that people who prepared to teach othetake a
quiz on a passage learned the passage betteththss who
prepared to take the quiz themselves. The litezatartutor-

Keywords: Teachable agents, learning by teaching, feedback,
active learning

INTRODUCTION ing has also shown that tutors benefit as much tidgoring
A critical part of an interactive, intelligent sgsh is an as their tutees [5, 8]. Biswas and colleagues ¢pprt that
interface that allows knowledge to be added tcsjrstem. students preparing to teach made statements abuautHe
This paper describes the interface componentsgstm responsibility to teach forced them to gain deeyader-
that enables a user to organize and input probteving standing of the materials. Other students focusethe im-
knowledge about a domain famstructing an intelligent portance of having a clear conceptual organizatibithe

agent. The agent then uses this knowledge to answermaterials. Beyond the preparatory activities, teagtpro-
vide explanations and demonstrations during tegchimd
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. . . . and feedback [5].
guestions and solve problems in this domain. Wé cal ] ) )
such an agent &achable agentOur motivation for Reflection on these studies and others lead usrjecture

building teachable agents is based on the beligftth the that the creation of a computer-based system, whtere
dents can assume the role of “teacher,” may proaitdef-



fective and motivating environment for learning. Wave
designed an environment that lets students explieibich
an agent. Once taught, the agent reasons witmasvlk
edge and answers questions. Students observefutsef
of their teaching by analyzing these responseseddrd
agent, the teaching expert, provides additionalldaek.

Teachable agents are related to, but different [friva
pedagogical agents such as those of Cole [6], Bd2]o
Graesser [7], or Johnson [9]. Pedagogical agentsose
systems are primarily demonstrative, as noted bysion
[9]:
locomotion and gesture to focus students' attentioand
convey emotional responses to the tutorial situnatio
Similarly, Cole's Baldi [6] is a demonstrative medi in

which Baldi teaches by demonstrating facial motioAs
teachable agent, on the other hand, has littl@ar priori

"...agents can demonstrate complex tasks, employ

by teaching. Betty’s Brain can operate in three @sodi)
the TEACH mode, where students impart knowledgth¢o
agent Betty by means of a dynamic concept mapfauer
accessing content materials as needed to learnmiafmn
for teaching, (ii) the QUERY mode, where studergk& a
Betty questions (using question templates) thatestssvers
by reasoning with information that the student kasght
her, and (iii) the QUIZ mode, where students eweluow
well they have taught Betty by observing her perfance
on a quiz. The expert teacher agent makes suggsstiat
may help Betty (and the student) correct their amsw

Our goal in this work is primarily to examine thiéeets of
the interactive features of the teachable ageetfate that
emulate the feedback that instructors receive fstuaents
during teaching. Our hypothesis was that havingodppi-
ties to query and/or quiz Betty would positivelyt lliffer-

knowledge to demonstrate. The interface between the entially, impact students’ learning. The querytdea would

agent and the user serves two purposes, thatafiat
the user to teach the agent, and that of engabagser's
attention through the agent's personality and acterity.
Since our user base is children, this latter pueps<riti-
cally important in motivating them to struggle widarn-
ing what is often challenging material and commatiing
it to the agent. So, while these pedagogical agkave

E_ggﬂetty's Brain
File Teach Ask Test Wiew

help students debug their own thinking and reagpimirthe
problem domain. We expected the quiz feature whelgp
students identify important concepts and linksniclude in
their concept maps. We also expected that ovehaly t
would produce more accurate concept maps becaege th
had access to feedback on Betty’s quiz performance.

DESCRIPTION OF BETTY’S BRAIN

=[O} Figure 1 illustrates the interface of our

teachable agent, Betty’'s Brain.
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the user. This modality of face and

voice is designed to increase the

(Betty said... [Betty's Notes | Quiz Results | Resources |

social interaction of the user with the

You asked me: If Algae increase, what happens to Fish?
I thinl that if Algae increase, Fish increase. These are the paths [
|| followred to get my answer.

To find out what bappens to Fish when Algae increase, [ st first know

what happens to Oxygen and Plants. Both directly affect Fish.
| | Repeat | | Explain | §§

| Ask

= system. As Reeves and Nass [13]

have noted, the inclusion of these
features can indicate to the user the
existence of a social presence in the
system, hopefully engaging and

motivating them

Figure 1. Betty’s Brain Interface

informed our work, the different requirements of ayp-
plication may require that the modalities we useate
thropomorphize our agent be different from thosehi
previous applications.

Our studies with Betty’s Brain have examined tharie
ing benefits of different activities associatedhali#arning

The system is implemented using a generic agent
architecture that is illustrated in Figure 2. Themary
component of the agent is its decision maker thebrpo-
rates the qualitative reasoning mechanism for geimgr
answers to queries from the concept map strucame,de-
cision-making schemes that implement strategies ghe-
ern the dialog process with the user. The executiverols
the dialog mechanisms, and Betty's speech and dioima



engines. These are primarily used to explain howyBe
derives her answer to a questidn.the sections below,
we describe the software’'s three modes: TEACH,
QUERY and QUIZ.

TEACH Betty

Students teach Betty by means of a concept maganee

A concept map is a collection of concepts and imlat
between these concepts [12]. A relation is a uaddional
link connecting two entities. Concept maps helgdte-
gorize groups of objects and express interactionsng
them as cause-effect relations. They also provide a
mechanism for representing knowledge hierarchi&$, [1
which makes the technique very amenable to repi@sen
tion of phenomena in scientific domains, in patacufor
modeling dynamic systems. In this study, we asitee
dents to teach Betty about the living and non-tivihings

in a river and how living things survive by intetiag
with one another. The focus is on creating a re@sys-
tem model that incorporates the general principfesal-
ance and interdependence.

Figure 1 displays an example of a concept mapatisat-
dent created in Betty's Brain—the map representst wha
the student has taught Betty. This map is notraptete
representation of all the knowledge in the domaiuat
merely an example. The labeled boxes corresponrdrto
cepts (the labels are concept names), and thesthbeks
correspond to relations. Students can use threds kirf
links, (i) causal, (ii) hierarchical, and (iii) deptive.
Students use descriptive links to embed notesterast-
ing characteristics of an object in their conceppnre.g.,
“Fish live by Rocks"). Hierarchical links let stuats es-
tablish class structures to organize domain knogded
(e.g., “Fish is a type of Animal”).

A causal link specifies an active relationship a@wha
change in the originating concept affects the dattn
concept. Two examples of this type of relation ‘&ish
eat Plants” and “Photosynthesis produces Oxygeh& T
causal relations are further qualified by increése’)
and decrease (‘--") labels. For example, “eat” iepla
decrease relation, and “produce” an increase. Ttrexe
an introduction of more fish into the ecosystemsesua
decrease in the number of plants, but an increaghe
number of plants causes an increase in oxygen.

QUERY Betty

Students are able to query Betty about what these ha
taught her. The query mode consists of two mechanis
(i) a reasoning mechanism, and (ii) an explanatecha-
nism. The reasoning mechanism enables Betty to/zmal
the knowledge that the student has taught her swemn
guestions. The explanation mechanism enables Betty
produce a detailed explanation of how she genetated
answer. Currently, Betty’s Brain has templates tf@o
guestion types:

Type 1: What will happen to Concept A when we in-
crease/decrease Concept B?

Type 2:Tell me what you know about Concept A.

Executive
Dialog Mechanisms
*Question Answering
«Explanation

*Animation

Decision Maker

*Qualitative Reasoning
*Metacognitive Strateg
Discussion on Quiz

Percept
«User Actions: Concept Map, Resources,
*Mentor's Actions and Statements

Environment

Figure 2: Betty’s Agent Architecture

We briefly explain the reasoning and the explamatio
mechanisms for the first type of question. Moreadgtcan
be found in Leelawong, et al. [10, 11]. The sectyp® of
question is descriptive; no reasoning mechanisninis
volved. The explanation mechanism uses a simmleegs
to convert concept-link-concept pairs to a specéia form.

The reasoning mechanism is based on a simple dgaini
procedure to deduce the relationship between afssbn-
nected concepts. If the teachable agent is askeshswer
the question about the effects on Fish when of dlgee
added, she searches the concept map and deduté&sstha
increase when more Algae are added to a river. As-m
tioned earlier, Betty employs animation and speteckx-
plain her thinking to the students. A written exg#on is
also available. The structure of Betty's explamadi is
closely tied to the reasoning algorithm. To avaitbima-
tion overload, the explanation is broken down isg&g-
ments. If users ask for more explanation, Bettyksdrack-
ward, and links the concept back to the closesesdd/hen
asked, “What happens to fish when algae increaBefty’'s
initial response is?l think that when Algae increase, Fish
increase.” Students can then ask Betty for a more detailed
explanation. Betty's response then takes the féfo,find
out what happens to Fish when Algae increase, It fiinss
know what happens to Oxygen and Plants. Both dyrect
affect Fish.”

“An increase in Algae causes Plants to increasejckwh
causes Fish to increase.”

Through further interaction, Betty reveals the cteteex-
planation.

QUIZ Betty

During the quiz phase, the student observes Betiy’s
sponses to a set of pre-scripted questions. Tiohitepex-
pert informs Betty (and the student) if Betty’'s wess are
right or wrong. The teaching expert, implementec a®c-
ond agent in the environment, also gives hintsdip lthe



student debug the concept map. This agent employs asessions, students engaged in independent stugkepare

simple mechanism for generating feedback. The sy#te
provided with an expert concept map (built by thess-
room teacher or other expert) in the domain of\stiithe
student’s concept map structure is overlaid on ¢ke
pert’s, and the teaching expert searches for amgis®n-
cept (first) or relation that is considered essgritor the
right answer, and uses this to generate a hinti®rstu-
dent. A hint is given, if necessary for each quizstion.
Currently, the system implements three levels afitg.
The first hint points the student to resource nialerboth
on-line and text-based, that relate to the conoepgink.
As the second hint for the same question, the &ggent
explicitly mentions the name of the missing concept
relation. The third hint is very direct. It namesnéssing
concept or tells students how to correct a cawdation
in their current map.

Research Findings

During the Spring semester of 2002, we ran an sikten
study on a class of high-achieving fifth grade stud
(eleven and twelve year olds) from a science dlaas
urban public school located in Nashville [11]. Tihgoal
was to model a river ecosystem using concept nidps.
study was linked to material they were studyingas of
E —

File Teach Ask Test View

themselves to teach Betty. Reference materials \ats@
available for students to access as needed wheanig to
teach, and when teaching Betty.

Results from this study indicate that both the guerd quiz
features had beneficial effects on students’ legrrabout
ecosystems. Thguery feature helped students understand
the role of causal relations in defining the ineggendencies
among entities. This feature thus resulted in miater-
linked concept maps. The results also indicatetghavid-

ing students with opportunities to make their agtite
quizzesgenerated by the teacher or a domain expert de-
creased the number of irrelevant concepts, incdedise
proportion of causal information, and increasedrtbheber

of expert causal links in students’ maps. Ovethl quiz
feature was effective in helping students determatevant
domain concepts and relations to teach Betty socehél
improve her performance. Students reasonably edetinat

if a concept or relationship was in the quiz, ivimportant
for Betty to know. This inference notwithstandirayr ob-
servations of students during the study suggeststodents
were more focused orgétting the quiz questions corréct
rather than“making sure that Betty (and they themselves)
understood the interdependence relations involvaakl
their effects on the overall systéniVe believe this behav-
ior occurred in part because the type of suggestimo-
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=ex - vided by the teacher agent led students to
=N focus on making local changes to their maps,
- and not consider consequences at the level of
the (eco)system. We were disappointed that
the overall quality of the student’'s maps was
not very high. We analyze the reasons for
these findings by doing a detailed
# | walkthrough of some of the student activities
1 below.

AN EXAMPLE WALKTHROUGH

Once students had created their initial con-
cept maps, their focus shifted to getting
individual quiz questions correct, rather than
to understand and model the global conse-
quences of interdependence and balance.
The resultant behavior can be summarized by
an iterative cycle of actions that
corresponded to &est, modify, and retest”

=
;
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i i

[ nizgoty | | Roturno Taach 2oty |

| Ask || Repeat H Explain |

behavior A study of the log files indicated
that after students had asked Betty to take the

Figure 3. The initial concept map and the first quk

their regular curriculum. Twelve of these studemtsked
with the full version of Betty’s Brain. In this par, our
focus is on how our agents’ interactions and iatss6
influenced the students’ learning activities. Hoétware
was used in three sessions, each session lasting abe
hour. At the beginning of session 1, students virgre-
duced to features of the software. They were asked
teach Betty about river ecosystems—to model howadivi
things in a river meet their survival needs. Inween

quiz, they first used the results and the teactieedback to
make local changes to the concept map, then they tne
query mechanism to see if the answer to the péaticues-
tion they were focused on was being answered dtyyec
and then they tried the quiz again. They did na&nsdo
reflect on why an answer was wrong, and what conse-
quences would a change in one part of the map bave
other parts of the map. Thus, students often foilnean-
selves in situations where changes they made teatanne
answer resulted in a number of other answers bempmi



incorrect. This pattern of behavior clearly does sup-
port the learning of interdependence and balance, n
does it demonstrate a system-level understandintpeof
domain.

On a few occasions, some students demonstrated& mo
constructive learning strategy, which involved moee
flection on why a question had not been answereed co
rectly. Students consulted the resources to gaimemo
knowledge of the entities and relations involver ased
debugging methods that used the query mechanigatto

a more detailed understanding of Betty’'s reasoning

mechanisms. We demonstrate through examples these 2. i orgnisms decrease, what happens w animals?

two different kinds of behavior.

Figure 3 shows the initial concept map a studesated
before he got Betty to take her first quiz. Thézdater-
face, which is accessed by a pull-down menu, is als
shown in the figure. In the current version of fystem,
the student has a choice of three quizzes. Each ltas
between five and seven questions of varying difficu
and the student has the choice of picking one oremo
guestions for Betty to answer. In our example,sfuelent
selected from Quiz 3 two similar questions that tael
same source and target concepts but different ¢réind
crease/decrease) for the source concept. Oncg &ett
swered the questions, the students saw how shedrad
formed on the quiz. Betty’s performance on quiz sjue
tions that she had taken earlier is also showrhizniriter-
face to the right of quiz pane in Figure 3. A gredeck
implies a correct answer, and a red cross impled t
Betty’s answer to that question was incorrect. Tthes

the previous cycle. This time Betty did answer diestion,
but her answers were incorrect. At this point, tisgching
expert came back with more explicit feedback thdtdated

to the student that the relation betwekad organismand
animalswas not direct, but it was mediated through amothe
concept, such aslutrients (see Figure 5). This behavior
pattern, indicative of shallow learning (or no lgag), oc-
curred for a number of cycles.

|/ Botty s0id... Bty

| Ouiz Results || |

1. If dead organisms increase, what happens (o animals 7

Eeetty, 1t wour twtor check yon meap. To answer tas question well, there st be some way thal dead
organisns affects animals The Resomrces book is a good place to find more information

Betty, let wour tutor check your map, To answer this question well, there st be some way that dead
organisms affects andmals. So, there sust be a muaber of cauzal links that being the change in dead
organisms to andmals. The Resources book is 2 good place 1o find more inforrmation.

Figure 4. The teacher agent’s feedback on the firgfuiz
[ |

1, If dead organisms increase, what happens t0 animals? :
By, youand your babor are weorkmg hard to get this righs, bub yowr map s4ill needs more mformation bo answer
thiz question. dead organisms must change nutrlents via ceusal links. 1w give you an semple; dead 2
organisms affects matrients throvgh 3 cavsal Ink, and fhen notrients affects animals m some way. Look v
FOUL FESOUECES.

| amiz Resuits |

2. If dead organisms decrease, what happens to animals?

Figure 5. A more specific hint from the teacher aget

At some point during session 2, perhaps througtud&on
with one of the experimenters, this student redliteat a
better way of improving Betty’s performance would to
study Betty’s explanations for the answers she geed
using the query mechanism. This change in behasior
shown in Figures 6-10. At this point, the feedb&okn the
teacher agent was like the one for the previous.cakhe

student receives comprehensive feedback of how well teacher agent suggested that Betty's (i.e., thiestis) con-

Betty has performed thus far, which is a direcidaton
of the accuracy and completeness of his concept Tiap
student also saw the teacher agent’'s feedback tiy.Be
This is shown in Figure 4. The teacher often conuaédn
Betty for getting her answers right, or she prodidénts
to Betty on how she could improve on her incorr@ut
swers. The hints are in the three-level form thas wle-
scribed earlier.

In our particular example, the student decidedadogck
to the teach mode and make corrections to the pbnce

cept map needed to include causal links betw&eimals
and Dissolved Oxygen(Figure 7). This time the student
first queried Betty on one of the quiz questioree(Figure
8), then reflected on Betty's explanations (showrFigure
9), and then used the online resources to studpdhton
on Animals (shown in Figure 10). In spite of thefforts,
the student failed to generate the correct conoept in this
session. Also, when we looked through the studéodgjs in

a later session, he had reverted back to his ‘fresdify, and
retest” behavior.

map. Ideally, the student would have used the query We believe that one of the primary shortcomingsthi$

mechanism and Betty’'s explanations to reflect oreneh
knowledge in the concept map was incorrect or incom
plete, and then consult the resources to deternvime

system is that it does not promote the use ofegjias for
effective learning. Part of this may be attributedweak-
nesses in the teacher agent feedback, which seem®-t

changes needed to be made. We make two obsewation mote making local changes rather than think glgbaftiout

here. First, the student chose to ignore an exgligiges-
tion from the teacher that he should look up resesir
about howanimalsare affected bylead organismsOn
the other hand, the student misinterpreted thebfsed
and went on to create a direct causal link betvegemals
and dead organisms. This type of observation stgges
that the teacher’s feedback should be made clearer.

In accordance with the “test, modify, and reteshévior
pattern, the student immediately went back to thi& q
mode, and asked Betty to answer the same questiims

system-level effects. Also, too much reliance oe thiz
mechanisms, caused the students to focus solelpeon
formance, i.e., how do | get these quiz questiaghtr
rather than reason about the global structure efctincept
map, and its implications as a model of ecosystehatior.

To confirm the observed behavior patterns descréieve,
we analyzed the log files of all twelve studentse Tesults
are summarized in Table 1. On average, studeets the
query feature 0.53 times between two quizzes. ifhidies
that they did not exploit Betty's explanations tady the



structure of their causal map, and reflect on whpeadb-

concentrated more on the quiz. It is interestirag gtudents

lems may have occurred. A number of students dé& us tended to ask about two queries each time Betti the

the online and text resources to find informatiBot the

quiz, but very often they were looking for the effeof op-

explanation mechanism would have helped them under- posite trends for the same pair of concepts (seentduk-

stand if they had translated this information ittte right
causal structure, and how one causal link may affex

relation between different sets of concepts.

Select & quiz; | Quiz2 -+

1. animals increase, what hagpens o dissoled aggen?
1 Wanimals decrease, what happens o dissobed oyaen?
3 Wanimals increase, whal happens o carbon dioxide >

4. Nanimals decreagse, what happens 10 carbon dioxide?

5. fanimals decrease, what happens lo planis?
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Figure 6. The second set of selected quiz question

[ Betty .| Bety's Notes | 0 I |

1. If animals increase, what happens to dissobeed oxygen? z
Good try, Betty| Howerver, your map does not excplain everything that is related to the answer of this guestion. Use '
e rezources 10 find more ways that andmals can affect dissolved onygen. :::

2, If animals decrease, what happens to dissolved oxygen?

Good try, Beity! However, your map does not explain everyihing that is related to the answer of this guestion. &
link or mare is mizging from you mag. Fesd the resonzrces shout animals and dissohred oopgen to find out what it
sheadd be

1]

Figure 7. The feedback from the teacher agent
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Figure 8. The Causal Query Dialog
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Figure 9. The Betty’s Notes panel

The number of modifications made to a concept m&p b
tween two quiz events had an average value ofcka
indication that students were focused on local ghan
i.e., changing one link at a time to generate thbktran-
swer for a particular quiz question. The result vitzest
most students did not end up with very accurateepn
maps for the domain. Very often, when they modified
their concept maps to correct an answer to a qués-

tion, other questions that Betty had answered ctyréan

the past, became incorrect. A number of studente we
very frustrated by this, but only a few began talize that
they needed to look at their concept map as a bthec-
ture, as opposed to focusing only on individuakdinwWe

through example above). We would have liked tdestts
to focus on multiple queries because that wouldehan-
abled them to realize the global effects of looghehden-
cies.

ty sald... | Bety I |
Animals

Back to Indes

Many kinds of animals live in nwvers. Anircals nesd oxygen and food to live and grow. Anmals cannot produce their
own food. They must get ther food from plants and other anmals.

Scientists group anirmals bazed on whether or not they have a backbone. Vertebrates are animals that hawe &
‘backbane Invertebrates are animals that do nat have a backbone

Figure 10. The Resources panel
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Table 1: Analysis of the debugging activities

After the third session with the system, we coneldatxit
interviews, which indicated that the students likedwvork
with Betty in the environment that we had creatsiter the
first session, most students had no trouble withstystem’s
interfaces. At times, they were puzzled by the that Betty
could not answer a query or quiz question. On abmumof
occasions, this was because of missing conceptdirsy]
or incorrect links. There were some situations whtre
students could not figure out that they had modaledusal
link backwards, i.e., they had modeled B is affddby A
(B>A) instead of A affects B (AB). In these situations,
the experimenters had to intervene, and help tideast.

A very important piece of feedback that we receifreth a
number of students was that they would have likettyBto
participate more actively during the teaching phase,
they wanted Betty to exhibit characteristics of aod) stu-
dent and be a mom&ctive learner. Our studies also indicate
that the feedback from the system (both from tteher
agent and Betty) must be improved to facilitateddydearn-
ing among students during the teaching phase. ke
issues have prompted us to take an in depth lotkthre
design of a new generation of teachable agents;hwive
describe in the next section.

observed that students who used the query mechanismin designing a new multi-agent architecture foeachable

more developed this realization, but most of thieerst

agents environment, we have adopted ideas fromtiariéh



Research Council study on “How People Learn’[4],
which states that an effective learning environnranst
consider four issues for effective learning envinemts:

(i) belearner-centeredi.e., focus on relating subject mat-
ter to students' prior experiences, understanding,pre-
ferred style of learning, (ii) bknowledge-centeredhat is
include the knowledge and skills necessary to gadrb-
lem solving expertise, (iii) bassessment-centeredhich
emphasizes that learners receive feedback botmgluri
(formative assessment) and after (summative assetsm
the teaching process to help them stay on tratdérins of
meeting their learning goals, and (iv) lemmunity-
centered which recognizes that learning can occur out-
side of classroom environments and encouragesimgarn
by collaboration.

A NEW TEACHABLE AGENT INTERFACE DESIGN

Our analyses of student activities and the accuohdie
final concept maps indicate that the students tembrine
proficient in using the concept map structure ahd t
qguery and the quiz mechanisms. However, it was not
clear as to how much their understanding of domain
knowledge had improved.

A previous study [11] indicated that Betty’s Brdialped
college students become more aware of the interdiepe
ence between sets of concepts. Students workitly wi
pencil and paper tended to create single causks,lin
whereas students working with Betty’s Brain created
longer chains of causal structures. However, thelyst
reported in this paper demonstrates that youngelests
have difficulty comprehending the global conseqesraf
interdependence among entities, and how that affesdt
ance in the river ecosystem.

We indicated that number of students would liketB&d
be more active and patrticipate in the learning @secOn
average, we found that students using the teaclaajaliet
with voice spent 2.5 times more time with the agban
students using the agent without voice. This rasutbn-
sistent with that of previous researchers, sucResves
and Nass [13], but it allows us to hypothesize tiat
presence of animation may further increase the sipsnt
with the agent. Additionally, several students cantad
that the agent needed a better and more realistoe.v
These comments indicate that the users tend to rdéma
high quality modalities in their agent. Supportitigs,
several students also suggested that the teachgbl,
Betty, should be more interactive, e!fgeact to what she
was being taught, and take the initiative and askem
guestions on her own,and “do some sort of game or
something and make it more interactive.”

Consistent with this idea, we note that the curemsion
of Betty is passive and only responds when askes-qu
tions. We believe that to create a true learnipdelach-
ing environment, Betty needs to better demonstyatdi-
ties of human students. A tutor gains deeper wtaled-
ing from interactions with a tutee [5] that incledan-
swering questions, explaining materials, and disdog

misconceptions. Betty should be designed to benefit her
users in the same fashion.

From the knowledge-centered standpoint, we needad-
ify the environment’s features to make studentsenomgni-
zant of the global interdependence issues rattar kbcal
interdependence, particularly with regard to bagand-or
example, a river ecosystem can sustain its balbacause
of the interactions among the systems of carboxidkoand
oxygen cycle, food chain, and decomposition. UnlksI-
dents understand how interdependence producesckal&n
is difficult to understand the effects of exterpakenomena
that may affect the system. In addition, studesitsuld
have a greater understanding of the idea that ldtahges
affect global behavior.

Consistent with this need, the user resources eireg tup-
dated to emphasize the processes and cycles thettilie
domain phenomena, as opposed to the individuatiesnti
that make up the domain. The on-line resources heil
reformatted in hypertext format to enable keywocdess,
and the overall structure of the document will &ipy
reflect the phenomena of interdependence and hmlanc
through the primary cycles, such as the food clhaih the
oxygen cycle. The role of the different entitiestlire river
ecosystem will be developed in these contexts. éfbes,
entities, such as plants and bacteria will appeatifferent
roles in different cycles and processes. This zatin
should make the student realize and reason abegldibal
implications of interdependence in the concept map.

In addition, other aspects of effective learningiemments
must be incorporated in conjunction with the knalgle-
centered aspects. As seen in the walkthrough deariye
students struggle to learn while teaching. Thégnapt to
use all features—the query mechanisms, the quiz aech
nism, the teacher agent’s feedback and paper anattine
resources. However, our environment was not seffity
designed to cope with the learner-centered asplkehthe
user is both a domain and teaching novice.

To improve the learner-centered aspect, our ennieot
should more actively assist students in learnind) raaster-
ing domain knowledge. The teacher agent can gaide
help students to adopt constructive learning tepkes, and
once they do, encourage them to continue on thik. pa
Betty can also encourage users by asking if theyldviike

to discuss the results of the quiz with her, altgyvher to
demonstrate learning strategies through her diatud) ac-
tions.

The Time for Telling strategy [14] will also be égrated
into Betty's Brain. Betty can construct questidhat in-

volve long chains and multiple-path events in therent

concept map, and ask the user to analyze the asisher
generates. Discussion of these answers will lealetter

understanding of the concept map structure and/Betia-

soning mechanisms. The teacher agent can suggetihge
materials that are related to the discussion.



We would also like to associate with Betty behawvithrat
are linked to good learning practice. Betty can e
dowed with self-regulation strategies that drive imeer-
actions with the user. For example, to counter she
dent’s sole focus on performance in the quiz, Batby
refuse to take the quiz if the student repeateagiipiies the
teacher agent’s feedback. Along the same linegy Ban
express skepticism if the student does not lookrep
sources before attempting to make correctionsenctin-
cept map.

The assessment-centered aspect of our design fiatew
can be improved if the interface allowed a différguiz
structure that emphasizes global system behaviieaad
of local changes. For example, the feedback coatteb
emphasize the global nature of changes at the egpah
a local change made to get one particular quiz topres
correct. The quiz feedback could also promote céfle
learning to a higher degree if Betty incorporateitective
activities, potentially encouraged by the teachgena
Our interactive Betty can also enhance the communit
centered aspect. By collaborating on the quizli®sund
discussing the causal effects locally and globailthe

. .9
concept map, Betty shares a common space in lgarnin

with the user. Thus, different instantiations ottBeould
be contrasted among users. Collaborations between s
dents teaching Betty are also being developedaatf&@d
University.

This set of design changes is being incorporatéal @n
new multi-agent architecture. This architectureludes
enhanced versions of the Betty and teacher aget th
have a computational structure similar to what slaswvn
in Figure 2. A third agent, called the Tracker|das
activities and changes that are made in the conoept
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