Chapter Three

Technology Support for
Complex Problem Solving

From SAD Environments to Al

Gautam Biswas, Daniel Schwartz, John Bransford,
and the Teachable Agents Group at Vanderbilt

For the past decade, the Cognition and Technology Group at Vanderbilt (CT-
GV) has been studying how technology can help students learn to approach
the challenges involved in solving complex problems and learning about new
topics. Work centered around our video-based Jasper Woodbury Problem Solv-
ing Series represents one example; a book written by our group summarizes
this work (cTGv, 1997). A summary of work that goes beyond the Jasper series
appears in CTGV (1998).

We note in the Jasper book (cTGv, 1997) that our work began with simple,
interactive videodisc technology, plus software for accessing relevant video
segments on a “just-in-time” basis. We needed the interactivity because
Jasper adventures are twenty-minute video stories that end with complex
challenges for students to solve. All the data relevant to the challenges (plus
lots of irrelevant data that students have to sort through) have been embed-
ded in the story line. An overview of the Jasper Series is illustrated in figure
1; a brief description of one of the Jasper adventures, Rescue at Boone’s
Meadow (rBM), appears in figure 2.

After viewing a Jasper adventure, students usually work in groups to solve
the challenge. (A cp-rOM that accompanies the Jasper book illustrates this pro-
cess; see CTGV, 1997.) To succeed, students need access to the data embedded in
the Jasper story. Even if they cannot remember the details about required data,
they can usually remember where in the story the data had been provided. The
software lets them return to the relevant part almost instantly. For example, in
the RBM adventure, students may return to the flying field scene to review how
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Figure 1. (left) The twelve adventures of Jasper Woodbury.
Figure 2. (right) Overview of the Jasper adventure, Rescue at Boone’s Meadow.

much fuel an ultralight contained; go to the restaurant scene to find a conver-
sation that explained how large the landing field was in Boone’s Meadow; ac-
cess Dr. Ramirez’s office to review how far it was from one city to the next, and
so forth. An example of the visually organized, random-access environment
for rRBM is illustrated in figure 3.

The software environments developed for each of the twelve Jasper adven-
tures are very simple for students and teachers to use and extremely helpful
as a support for student learning. From the perspective of Al, however, the
software is trivial. Our approach to research has been to start with stone-age
design (sAD) environments, and add sophistication and complexity only as
necessary to achieve our instructional goals. Our SAD approach has allowed
us to work closely with hundreds of teachers and students and, in this pro-
cess, identify and test situations where increased technology support can fur-
ther facilitate learning. In this chapter we especially emphasize situations
where Al insights and techniques have become extremely helpful.

We will describe two examples where principles from Al have allowed us
to improve student learning. One involves creating an AdventurePlayer pro-
gram, plus offshoots of that program, to accompany the Jasper series (Crews
et al. 1997). A second involves the use of Al techniques to create “teachable
agents” whom students explicitly teach to perform a variety of complex ac-
tivities. (The emphasis on teachable agents is different from an emphasis on
learning agents that learn on their own without explicit teaching and with-
out assessments of the adequacy of the agents’ new knowledge. In other
words, our teachable agents do not have machine learning algorithms em-
bedded into their reasoning processes.) Our work on teachable agents is
quite new, so the ideas and data we present are still preliminary. We hope
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video scenes from Rescue at Boone's Meadow.

that our discussion of this project will help connect us with others who can
provide insights about ways that we can strengthen and accelerate our cur-

rent work.

An Example of Moving from SAD to Al
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particular concrete context and that transfer can suffer unless it is facilitated by
opportunities to see concepts applied in multiple contexts rather than only one
(e.g., Bransford et al. 1999; Gick and Holyoak 1980, 1983).

Our original plan had been for teachers to always use at least two Jasper ad-
ventures that build on one another. For example, after students solved rRBM
(which involves concepts of distance, rate and time in the context of trip plan-
ning), teachers could present Journey to Cedar Creek (which involves distance,
rate and time in the context of a boat trip). However, teachers often did not de-
sire, or have the time, to ask their students to solve two adventures that related
to the same topic. Instead, many wanted to move to Jasper adventures that fo-
cused on other topics like introductory statistics, geometry and algebra. As a
consequence, we faced the challenge of designing a series of adventures that
could be used flexibly yet also overcome impediments to transfer.

We found that we could increase the flexibility of students’ learning by hav-
ing them solve a series of “what-if” problems after solving a Jasper adventure
(CTGV, 1997). For example, the challenge of RBM is to find the fastest way for
Emily to rescue an eagle and to explain how long that will take (most students’
solutions make use of an ultralight that is shown in the adventure). After stu-
dents solve the initial challenge they complete what-if problems that ask ques-
tions such as: What if the speed of the ultralight was x rather than ¥ how would
that have affected the rescue? What if the fuel capacity was a rather than b, how
would that affect your current plan to rescue the eagle? Flexibility and the abil-
ity to transfer also increase when students solve analog problems like Lind-
bergh’s flight from New York to Paris. (His planning for the trip is very similar
to the planning required to rescue the eagle in RBM.)

We used videodisc technology to deliver the what-if scenarios and analog
problems. A limitation of this approach was that we could only present a lim-
ited set of “canned” problems. In addition, our computer environment did not
allow us to present feedback to students about their planning and
thinking—this had to be left to the teacher. When one is teaching 20 to 30 stu-
dents, providing “just-in-time” feedback is an extremely difficult task. In addi-
tion, we found that students liked to explore their own what-if scenarios and
even create scenarios for others. This was not possible with the “canned” prob-
lems that we had used. :

Efforts to develop a more flexible, feedback-rich environment brought us to
our first attempt to use some of the techniques made possible through AL The
result was AdventurePlayer, developed initially by Thad Crews and Gautam
Biswas in consultation with the Jasper group. It allows students to work either
alone or in groups to attempt to solve a Jasper problem and what-if analogs,
and to see the effects of their efforts via a simulation (figure 4). For example, if
they have not accounted for fuel needs, the plane has to land prematurely or it
crashes. Students can then go back and revise their planning, If they get terri-
bly stuck, they have access to a coach. AdventurePlayer is designed both to fa-
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Figure 4. AdventurePlayer interface.

cilitate initial learning of each Jasper adventure and to promote flexible trans-
fer with “what-if” scenarios. _

AdventurePlayer combines features of intelligent tutoring systems (ITs)
(Wenger 1987) and cognitive tools (Lajoie and Derry 1993). The system pro-
vides an intelligent simulation environment that enables smdents to test pamal
(and complete) solutions to problems and receive feedback. Ul.l.l.lke tradmonal
TS (e.8., Anderson et al. 1990) the focus is not on student modeling (i.e., discov-
ering the students’ misunderstandings) or how their errors should be corrected.
The feedback mechanisms borrow from the cognitive tools framework in which
the emphasis is on highlighting important aspects of the domam and the prob-
lemsohingtechniqueslnAdventurePlayerthefeedbaf:kmdeflgnedmmke
explicit the consequences of errors and incompleteness in defining and execut-
ing solution steps. For example, if a student fails to check the payloadO{xtheul-
tralight, and the total weight is too great, the ultralight ﬁails to take "ff' Similarly,
if the student specifies an excessive flying time from the city to Boone’s Meadow,
theultra]ightﬁiespastitsdaﬁnaﬁon.Wehawtriedmstagethefeedbacks.o
students can readily map explicit failures onto the relevant parameters of their
phn&ldeall}ﬁthishdpsstudentslummidenﬁfy;reﬂedup?n,andmmct
their own errors. However, if students continually experience difficulty, they al-
so have access to the coach (we say more about this below). .

Al techniques and representation mechanisms also underlie a suite of Ad-



venturePlayer tools that assist students in their problem solving efforts. For ex-
ample, the environment includes an information pallet that enables students
to access information about people, locations, vehicles, and distances that are
part of the video adventure. There is a planning notebook that students use to
sequence their solution steps while considering the resources they need to
make their solution steps work. There is also a timeline tool to help students
organize their solution steps, and to assign start and completion times for each
of the steps.

serve as scaffolds by simplifying the p 'gandcalculationtaslmthatmay
otherwise overwhelm students in their problem solving. Our pedagogical
strategy is to offer scaffolds that permit students to freely explore the problem
space and experience complex problem solving without excessive floundering.
We gradually remove the scaffolds as students move on to solve analogous
“what if” problems and other related adventures,

Overall, the intelligent simulation and its suite of tools provide students
with an exploratory environment for guided discovery learning. Such environ-
ments have been criticized because they can frustrate students who cannot re-
cover from errors during problem solving or who get stuck at a plateau of per-
formance. This is why we have also implemented a coaching system (cf, Burton
and Brown 1979) that observes student problem solving, and intervenes to

- make suggestions at specific points in the problem solving process. The coach-
ingsystemisuseﬁﬂbeausethetaskofgcneraﬁngmrkingplansinﬂlem
domain is complex for middle school students, and in many cases they gener-
ate incomplete plans (Van Haneghan et al. 1992). The trip planning coach
helps move students to the next level; for example, by assisting them in gener-
ating an optimal solution to the trip-planning problem once they have a feasi-
ble plan to rescue the eagle. The reasoning engine of the coach employs a
generic algorithm that combines hierarchical planning and best first search. A
smaﬂsctofpredeﬁnedheuﬁsﬁcsguideﬂlesearchpmcess.Afoerasmdentgcn-
erates a complete solution, the coach intervenes to ask if the student could find
a better solution. If the student says no, the coach compares the optimal solu-
tion to the student’s solution, and based on the differences, makes a number of
suggestions to the student directing him or her toward a more optimal solu-
tion. Details of the coach and theAdvmturePlayersystemappminCrewset
al. (1997).

Data show that the use of the Jasper AdventurePlayer software greatly facili- -

tates students’ abilities to solve RBM (Crews et al. 1997). For example, we know
from early studies on Jasper that students working alone can have difficulty
solving the challenges (e.g., crov 1997, chapter 4; Van Haneghan et al. 1992).
Theirperfonnmcelemlsarehigherwhenteachemguideﬂlelmmingpmms
and when they can work collaboratively in groups (see crav, 1997). However,
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ers often have difficulty managing the complexity of help-ing each stud.ent
:::mChto solve each adventure. AdventurePlayer is very effective in managing
this complexity. o
In onepstudtyy we tested AdventurePlayer by asking sixth grade studr;ub::s, who
had no prior experience solving Jasper problems, to solve the problem by
themselves. From previous studies (e.g., Van Haneghan et al. 1992, crav,
1997), we knew that even students who scomdveryhlghonstandardszedte.sg
of mathematical skills and understanding were not preparefl to deal wi b
Jasper-like problems; instead, they were used'ho' dealing with simple one- 13
two-step word problems. So we wanted to see if AdventurePla'y.er could help
the students succeed. Overall, studensot;n]:lerfo;med Tduch bme:emonmthtl;iel- g:v:n-
environment than when solving a Jasper adven .
mﬁP]:uY:rstudy, we also varied the support prctvided by Aflvmtu-rePl.zy:‘rlby
turning off some of its key features and comparing studems; learning in t;:e
situations with ones where all the features were operab_le.,Flgure 5 shmlnrs that
wehﬂqanm&wumtﬁﬂ:th-mdemde&t:;g;lmmg::;
i CORE system. system
m?ﬁstudmm h Pﬂt:'ﬂ:llt;)’s;:n map interface, information pallet, and planning
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tool, but not the simulation environment, timeline tool, and coach. Additional
data showed that seventy-nine percent of the students who used the complete
simulation environment generated a complete plan compared to only eight
percent of the students who used the CORE system.
- In more recent work (Katzlberger 1998), the AdventurePlayer design has
been generalized using a generic object-oriented architecture for problem
solving with visual interfaces that retain the pedagogic characteristics of the
original AdventurePlayer system. The environment uses Java internet founda-
tion classes (Netscape) making it accessible remotely via the Web. Domain ex-
perts can build problem-solving environments as subclasses of the abstract
simulation class. The simulation contains and displays actors implemented as
“agents” that perform roles based on properties assigned to them. Class li-
braries provide support for implementing many different kinds of actors.

This framework has been extended by introducing agents that add addition-
al “intelligence” to the environment and to the interaction between the student

and the environment (cf., Lester et al. chapter 8). Agents come in various -

forms.Somcareassistantsthathelpusmrenieverdevantdataandremind
them of salient features about the domain. Others watch user actions to keep
track of their preferences and their progress in problem solving tasks. Still oth-
ers act as coaches to help students who make repeated errors or generate sub-
optimal solutions with their problem solving steps. Agents have been designed
to take on characteristics of some of the actors in the Jasper adventures (Balac,
Katzlberger, and Leelawong 1998). As a result, students encounter multiple in-
teraction styles and a variety of opportunities for learning.

- One of the major goals of recasting AdventurePlayer in an object-oriented
architecture has been to support a reconceptualization of the Jasper series—a
reconceptualization that emphasizes the importance of invention and model-
ing in order to “work smart” in particular environments. As an illustration,
note that the Jasper Adventure Rescue at Boone’s Meadow (rBM) asks students
to solve a single problem—rescuing the eagle (see figure 2). The what-if
analogs to this adventure change the parameters of the problem, but it’s still
the same problem. The Lindbergh analog adds another problem, but it is still a
single problem involving flight time and fuel from New York to Paris,

Problem-solving in the Jasper series is reconceptualized when one moves
from attempts to solve one or two complex problems to attempts that prepare
one for a large class of recurring problems. This is done by inventing tools that
allow one to “work smart.” For example, a “working smart” extension for ReM
involves Emily (the heroine who saves the Eagle) setting up a rescue and deliv-
ery service where she flies into various areas in her region depending on the
needs specified by customers. She and her employees need to be able to tell the
customer—as quickly as possible—the type of plane needed (depending on
payload constraints), the flying time for the trip (depending on the speed of
the plane), the fuel charges (which vary by plane size), and so on. To calculate
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r each problem is cumbersome. Students learn to work smart by
Eﬁ:ﬂgmtof:ls like g;‘p;;hs, charts, and spreadsheets that help thefn solve these
problems at a glance. Examples of smart tools, and_ of the lem processes.
and motivation involved in creating, testing and using them, are discussed in

, et al. (2000). '
Branfoan’wZ;;ljlect-oriéltzd )archuecture of the Smaft environment makes it
easy for students to transport tools, like rate-time-distance graphs, from one
working smart environment to another. This helps.students see both the gen-
erality and possible limitations of their represent_anonal la?ols as they move to
new environments, For example, a spreadsheet is more hkely to be generally
useﬁﬂthanaparﬁculargraphorchart,butstuden.ts maysul]plteferthelatter,
once they tailor it to a specific set of constraints in a new environment (see

ransfo , et al. 2000).

’ The orlzlj’efte-c:ri:::ted architectu.re has also facilitated the development' of an
AdventureMaker environment. AdventureMaker lets students Create their own
simulated probléms for other students to solve. A current version of the envi-
ronment provides students with a map background on which they can con-
struct locations, paths for travel between locations, and a number of vehlc.l.es.
The system allows students to create a variety of challenge problems that in-
clude rBM-type planning problems, overtake and catch up prol?lems. and even
versions of the traveling salesman problem. Students respondmg- to the f:hal-
lenge have to import tools they created in other problem solving environ-
ments, tailor them for the particular problems, and th_en l?md the best solutwl;
as quickly as possible. We find that this {s highly motivating for stut:lents,l

that prior experience with the Jasper series affects the quality of the problems
they construct (see CTGV, 1997). One of our hypothesofs about why Adventure-
Maker activities are so motivating to students is that it puts them_ in the posi-
tion of creating programs that others can hnrn&o? (s?e also Kaf:u etal. 1998).
This fits the general idea of “learning by teaching,” which is discussed below.

Creating Designs That Give Students
More Responsibility by Asking Them to Teach

ime, our work in classrooms helped us see that some types of activities
Qwercv#;:::l:istenﬂy motivating to students and helped them appreciate feedback
and opportunities for revision. These involved cases where students.were
preparing to present their ideas to outside audiences (e.g., adults), preparing to
teach others to solve problems that they had learned to solve Prenously (o*:.g.(i
college students; see CTGv 2000; Bransford, Brophy, and Williams 2000), an
creating new problems to present to other students (see the p_reoedmg dxscus}
sion of AdventureMaker). These observations led us to consider the value o
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using Al-techniques to create intelligent social agents (teachable agents) for
whom students could take the responsibility of teaching.

We differentiate teachable agents from other agent technologies such as
agents that coach people as they learn new skills and knowledge, or agents that
search the web for a user and gradually learn preferences to tailor more effi-
cient searches. Our agents currently have no automated learning algorithms
built into their learning processes. For us, teachable agents are social agents
who need explicit instruction to do well. Students provide this instruction to
the agent as knowledge structures or procedures that can be directly executed
by the agent in response to given queries and problems. For example, an agent
may need to be taught how to deal with trip planning problems like the “work-
ing smart” version of RBM, or an agent may need to learn how to monitor the
quality of rivers to discover evidence of possible pollution. We situate our
agents in particular task environments that provide a focus for teaching and
assessment that is more domain targeted than simply asking students to “teach
this agent to do something—anything.” The agents do poorly or well in these
task environments depending on how well they are taught.

A number of factors motivated us to explore the idea of creating “teachable”
agents whose behavior would depend on the quality of the teaching provided
by students. One is that the challenge of teaching others appears to create a
sense of responsibility that is highly motivating to individuals of all ages. In a
study that interviewed sixth graders about the highlights of their year as fifth
graders, doing projects that helped the community and tutoring younger stu-
dents received the highest praise from the students (cTGv, 1997). In “reverse
mentoring” studies headed by Kay Burgess, inner-city students who had solved
a Jasper adventure were highly motivated to help adults and college students
solve an adventure for the first time (see Bransford, Brophy, and Williams
2000). In work with teachers, we consistently find that the opportunity to
teach their peers is highly motivating and develops a strong learning commu-
nity among the teachers (CTGV, in press),

The motivation to teach others also carries over to virtual environments. In
the newest release from the Little Planet Literacy Series that the Learning Tech-
nology Center at Vanderbilt helped create (cTGv, 1998), students are highly
motivated to write letters to a character named Maria to help her learn to read
(see The Dougout Collection Sunburst, 2000). In early versions of our SMART
Challenge series (Barron, et al. 1995; Vye, et al. 1998), students eagerly wrote e-
mails to virtual students who asked for help in solving the Jasper Adventure
that they were working on. In video games, students are consistently motivated
to affect the fate of agents as they attempt various adventures. However, the
fate of these agents usually depends on physical and mystical powers., We want
to change the paradigm so that their fate hinges on the development of useful
knowledge, attitudes and skills.

A second reason for exploring the idea of teachable agents stems from the
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Tesk B Preparation for Preparation for
. Teaching Testing
Students Initial Framing of
the Preparation Task
Consider larger context . 100% 0%
of studies
Must memorize details 0% 50% A
Spontaneously Questioned 92% 33%
Purpose of Experiment
(percent of challenged
experiments)
Spontaneously Mentioned 83% 17%
Flaw in an Experiment
Spontaneously Mentioned 50% 0%
Alterneg'w Experiment
Successfully Graphed 89% 56%
Experiments Afterwards
(successful graphs) 1

Table 1. Comparative effects of preparing to teach vmpp‘epadng.w take a
test on students’ emphasis during study and final mders@ndmg.

strongly shared intuition that attempts to teach others is an es;?edally powerful
way to learn. There is research literature on learning by teaching. Research on
mentoring has shown that tutors learn as much or more than tutees (Wfbb
1983), and that lessons in which students tutor each other are beneficial (King
1998) especially if well-scaffolded (e.g., reciprocal teachufg; Palinscar and
Brown 1984). Nevertheless, the research on learning by teaching does not con-
sistently show a benefit for teaching over and abaveleamingforonesel_f (Bargh
and Schul 1980; Willis and Crowder 1974; Cohen, et al. 1982). We believe that
someofthishastodowithalackofaresearchbaseaboutwheretolo_okforthz
benefits of teaching. It seems unlikely that the unique papﬁoftcachmgwould
appear in memory tests, although memory tests are typwalfy used. It seems
more likely that the payoff would be in the structure of people’s knowledge and
their readiness to learn from further instruction and feedback (Bransford a‘nd
Schwartz 1999). In addition, there are many aspects of learning by teaching
that have not been explored. - .

We identify at least three phases ofteachingtha'tnﬁghtbeexpe-ctedto?n-
hance learning: planning to teach, explaining and demonstrating during
teaching, and interpreting the questions and feedback that come from students
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during and after teaching. Research has concentrated on the effects of planning
to teach. For example, Bargh and Schul (1980) found that people who pre-
paredtoteachsomeonee]setotakeaqtﬁzonapassagelamedthepassagebet-
terthanpeoplewhopreparedtotakethequizthemsclves. Chi, deLeeuw, Chiu
and-LaVancher (1994) showed benefits of explanation, even when there ;vas nc:
audience. For example, directions to “self-explain” while reading a passage on
th.e heart improved comprehension relative to students who simply studied
without directions to self-explain.

In our mmal studies on preparing to teach, we are finding benefits that sug-
gest preparing to teach can spontaneously affect the way students learn and
self-explam In a recent study, we videotaped twelve students separately as they
studied a psychology article that described a series of experiments on memory.
Half of the students heard they were studying in preparation for a class test,
and the other half heard they would have to teach their class about the article
Theyhaduptothirtyminutestoprepa.re. '

. The teaclung students spent twice as much time studying the article. More
Interesting is the way they prepared and what they learned. Table 1 presents -

some of the imporl::.mt contrasts. Students who prepared to teach spent a sub-
stantial amount of time trying to understand “the why” of the studies, whereas
the students who prepared for the test tried to memorize the results of the
MmM?mmqma, the latter were less successful at reconstructing the
stu‘t::es, their results, and their rationale (see table 1).

Written reflections collected by X. D. Lin and J. D. Bransford also show ben-
.eﬁts of learning byteachm.g. They asked different groups of graduate students
in a class on cognition, culture, and technology to teach the undergraduates in
the.class abOl.lt some articles on stereotypes that included empirical tests of
various theories. Some of the graduate students worked individually to pre-
pare to teach, and others worked in small groups.

After their teacl:ling experiences, the graduate students were asked to discuss
z_mybcneﬁ.ts of being asked to teach the material to the undergraduates (com-
pared to simply smdymg the materials in preparation for a test). All the grad-
uate MB were convinced that preparing to teach, plus actually doing the

ching, rFsultaed in levels of learning that exceeded what they would have ex-
Pel;;::ed if they had only studied for a test.
ning to Teach: Some students focused on the fact that the onsibili
ofteachingforgedthemtomakesuretheyunderstoodthemater;als?sﬁ 7

Thearﬁdeﬂmtdencribedthethmtheorieswumhudﬁarmwmd I

bemfethatlundasmoddakarﬁde....ARmedmmdﬂmdingofhowﬂ;‘:

!!:eonesworklwasthmabkmpmpamammprdiensinandwnlpaapm-

uon....mshomlmnnotprepmapmmﬁononsomethhsgldomtundﬂsmd

Other students focused on the increased im
e : portance of a clear conceptual
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To teach something in a specified amount of time means that you need to be able

to differentiate what is important from what is less important and identify com-

ponent parts and relationships. In other words, it’s necessary to conceptualize the

framework of ideas that are presented in the article. When I read an article with
the mind set of discussing it, I am not so diligent about understanding the hierar-
chy of the ideas presented. If I'm teaching something, I have to categorize and pri-
oritize the ideas. This insures I present the important ideas in a coherent manner.

It seems clear that the planning that takes place depends on knowledge of
one’s audience and the constraints of the teaching opportunities. For example,
the graduate students in the Lin and Bransford course had a good idea of their
audience (the undergraduates in their course) and the time constraints on
their presentations, and these seemed to affect their thinking. Similarly the da-
ta illustrated in table 1 involved graduate students planning to teach other
graduate students. The students relied on their knowledge of their audience to
prepare for the types of questions they might receive. But it is worth noting
that all students envisioned giving a lecture rather than teaching in some other,
more interactive manner. Moreover, students in primary and secondary school
may not readily anticipate the demands of teaching, or their expectations, may
be unduly constrained by the experiences that they have had in classrooms
(e.g., prior experiences with lectures). This suggests that it is worthwhile to ex-
plore different ways to set the preparation “stage” for students rather than sim-
ply ask students to prepare to teach.

Learning During the Act of Teaching

We noted earlier that the advantages of learning by teaching involve more than
just planning to teach. For example, there would appear to be additional advan-
tages from the actual act of teaching—especially from the opportunity to get
feedback from one’s students’ about what they do and do not understand. In a
review of the literature on self-explaining and explaining to other people (as
might occur during a collaboration), Ploetzner, Dillenbourg, Preier, and Traum
(1999) conclude that feedback from a collaborator is a significant component of
other-explanation, yet its effects on learning have not been investigated.

The graduate students in the Lin and Bransford study at Vanderbilt Univer-
sity spontaneously noted some of the things they learned by actually attempt-
ing to teach their subject matter. The following quote comes from a graduate
student who collaborated with three colleagues in order to prepare to teach the
undergraduates. The student discusses the preparation process and then writes
about his group’s actual attempts to teach.

We had a list of ideas and feelings that we wanted the class to experience with us.

When it came time to present, however, I realized how difficult it was to explain

the emotions of our small group discussion to a large group who were not all that

familiar with the article. Our presentations became more a dissemination of facts
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instead of a sharing of emotion, as I had hoped (and planned) that it would. I
think the undergraduates got our basic points and left having a better under-
standing of stereotypes and our charge to open up to each other, but I don’t feel
thatﬂleyhadthgumeexpeﬁenoewiththemmgethallhailfeelmyexpeﬁ-
ence was more intense and more memorable because my small group took the ar-
ticle down to its bare issues and discussed how those made us feel and think about
stereotyp&.

The student’s comments suggested that the goal of planning in order to
teach helped his group learn effectively. In addition, the act of teaching helped
him experience the differences between merely “transmitting” information
and helping people experience the effects of their own stereotypes.

Despite the benefits, it seems clear that not all teaching experiences will cre-
ate significantly new learning on the part of the teacher. Most teachers are fa-
miliar with pupils who make them think and learn and with pupils who do
not. This is one reason why the idea of creating Al-based teachable agents can
be so valuable; it allows us to provide students with teachable agent pupils that
optimize their chances of learning, for example by ensuring the teachable
agent asks questions most relevant to the domain and the student’s level of de-
velopment. And, unlike peer tutoring, the teachable agent is not hurt if its
teacher is really quite bad. .

Theideaofteachableagemshasitsprecursorsinacﬁviﬁessuchasteaching
the “turtle” to do things in L0GO (Papert 1980). This is a very motivating task
environment; we have worked with a large number of middle school students
in this context and know how motivating it can be (e.g., Littlefield et al. 1988).
However, it is also clear from the literature on Logo that it can be very difficult
to demonstrate clear advantages of these kinds of activities unless one struc-
turesthemamundparﬁqﬂarwpesofgoalsandfeedbacksu'uctum(seclﬂah:
and Carver 1988; Mayer 1988). Our approach to teachable agents differs from
LOGO in the sense that we situate our agents in particular, anchored task envi-
ronments, which require specific sets of knowledge, skills and attitudes in or-
der for the agents to succeed. An example of a teachable agent is discussed be-
low.

Meeting a Teachable Agent in Its Native Context

An example of a teachable agent is Billy Bashinall, high school student (figure
6). He and friénd Sally have been monitoring a local river to test for water qual-
ity. Billy is ready to hand in the report, which says that the river is in excellent
shape. Sally is not so sure that their findings are accurate. She worries that the
riverispollutedandwilleventuallyld]ltheﬁshandotheraquaticljfe. Billy’s re-
sponse is, “Lighten up Sally. This is only a school assignment. Besides, five
Pages is always good enough for a Cin Mr. Hogan'’s class.” Billy’s negative atti-
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Figure 6. Billy, a teachable agent, learns that his work is not good enough, and the D-
B Force challenges students to teach Billy.

tude comes to the attention of the D-Force—a group dedicated to h?lping stu-
dents avoid the mistakes that they made as students. Billy needs their l}elp.
Billy is transported to D-Force headquarters, where he_is shown Yldeos of

students monitoring a river by collecting macroinvenebrates.. calcu]aung awa-
taquaﬁtyindex,measwingdisso}vedoxygmandsoforth.Bﬂlymaskedtqex-
plain what is happening, His answers reveal that he understands somethmgs
(e.g., macroinvertebrates can provide an index of the health of the river). How-
ever, he seriously misunderstands other things like how and why some types of
macroinvertebrates need considerable oxygen and are more sensitive indica-
tors of water quality than other macroinvertebrates that need less oxygen.
Consequently, he does not understand why the formula for water quality
weights some macroinvertebrates more than others. And he does not under-
stand how the amount of dissolved oxygen in the water is related to water qual-
i llution.

lty’:ﬁ:f:isode ends with Billy realizing that he needs help, and the D-Force
asking people to help teach Billy. Thisbeoomesthetaskofthe.studmts m13he
classroom. By adjusting Billy’s attitude and helping lnm learn important skills
and concepts, students learn by being teachers. By seeing how Billy performs
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following their teaching, students can assess the quality of their teaching. After
a series of iterative teaching-assessment cycles, students eventually learn about
rivers as ecosystems and see that Billy has learned, too.

Initial SAD Studies Using Teachable Agents

As was true with our work on Jasper, our research on teachable agents began
with a SAD approach. In particular, we began with a pre-scripted agent in order
to test our ideas in fifth-grade classrooms. Over time, we are replacing our
scripted agents with ones that have intelligence.

In a recent set of experiments led by Nancy Vye, fifth grade students began
their inquiry by meeting “Billy Bashinall,” the character introduced earlier
(figure 6). Students saw him attempt to perform in a particular environment
that required knowledge of ecosystems and water quality. They did research in
order to teach Billy, and they observed the effects of this teaching on his behav-
ior. The Billy Bashinall environment was a scripted environment in the sense
that we pre-specified everything beforehand.
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Resource Use in Test Your Mettie
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Figure 9. Students consulted resources numerous times in preparation for teaching Billy.

already tried to answer. Students give “advice” to Billy on how he should have
answered the question. For example, one of the questions on macroinverte-
brates begins, “The D-Force asked Billy to explain how scientists use macroin-
vertebrates to check water quality” Students then see Billy’s response to the
question, in this case, “Scientists count the total number of macroinvertebrates
that are found in their sample.” Students are asked to teach Billy by either
telling him that his answer is correct or by choosing a better answer for him
from a set of alternatives that we provide. If the students select correct advice,
the relevant square in the grid turns green. If they are wrong, the square turns
red. The teacher (and class) can look at the accuracy of the students’ advice to
Billy to get an assessment of class understanding. Although the students be-

lieve they are assessing and remediating Billy’s understanding in Test Your Met-

tle, they are actually completing assessment activities relevant to their own un-
derstanding.

One of the goals of the assessment environment is to help students self-as-
sess whether they are ready to advise Billy, and if they are not, to learn to con-
sult resources. Before advising Billy, students have the option to see online re-
sources such as relevant readings or animations By structuring the
environment so students may learn during an assessment, we encourage stu-
dents to be reflective about whether they understand well enough to teach Bil-
ly. The system’s backend database tracks student use of resources. Among oth-
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things, this feature provides a measure of student motivation to teach Billy;
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Bringing Agents to Life with Al

As noted earlier, the long-term goal of our work is to use insights from Al to
“bring Billy to Life.” Our major focus is not to make Billy learn on his own
through inductive, machine learning methods. Billy is a teachable agent not a
learning agent. Our goal is to create an environment that allows students to
learn both by preparing to teach agents, and by observing how the agents be-
have once the teaching is completed (if there are problems, students can revise
their teaching). We are building teachable agents that can respond to different
forms of teaching (complete and incomplete) in flexible and informative ways
so that students may learn. '

A simple example of this approach comes from Betty’s Brain, which we de-
veloped for instruction in the life sciences. (Betty is a second member of the
Bashinall family.) Betty, as an agent, is able to execute and portray inferences
implicit in a semantic network. Students and teachers can ask Betty questions
as a way to assess the quality of her knowledge. To develop her semantic net-
work, students teach Betty by drawing concept maps and taxonomic trees. In
their drawings, students define entities that are of interest in pollution studies
(e.g., sunlight, carbon dioxide, dissolved oxygen, algae, fish, etc.). And, they
define the relations between these entities (e.g., produce, breathe, and so on).
Figure 10 illustrates a concept map that was created by a student early in his
learning, In contains misconceptions that are quite typical for middle school
students. After students create their concept map, it serves as Betty’s semantic
network and permits her to draw inferences. In this way, students can get feed-
back on the quality of what they believe and have taught. Given the map in fig-
ure 10, the agent offers many mistaken answers that the student then has to ex-
plore and correct.

One of our tasks is to make sure that the effort of teaching an agent does not
incur the overhead of learning to program. For example, students do not need
to teach Betty how to draw inferences with a concept map. She already knows
how to do that. Moreover, the “programming” the students perform occurs in
the form of manipulating representational tools, like concept maps, which stu-
dents need to learn in the course of their normal studies. (Novak 1998) Similar
to asking students to develop their AdventurePlayer plans with the timeline
tool, we scaffold student acquisition of useful tools and concepts by asking
them to teach using “smart tools,” in this case, networks that help organize
complex declarative knowledge.

Figure 11 shows an interface that students can use to build Betty’s network.
To teach Betty, students can select from a list of entities relevant to a river
ecosystem using a pull down menu. They can also create new entities not avail-
able in the menu. Students must also construct relations among the entities
they select or create. Students can use relation names from a pull down menu
or create relation names of their own. When they create new relation names,
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Figure 11. The interface students use to construct Betty’s concept map.
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link from the current (source) concept, and applying the qualitative reasoning
mechanism to compute the resultant value for the destination concept. When
multiple paths exist between two entities, the reasoning mechanism applies
qualitative rules of the form, a large increase and a small decrease imply a nor-
mal increase, and a normal decrease and small increase, imply a small decrease.
Situations, such as a normal increase and a normal decrease lead to an ambigu-
ous situation, and Betty responds by saying that she is unable to tell whether
the result is an increase or a decrease. For query type 3, the reasoning mecha-
nism employs an exhaustive backward search instead of a forward search.

In addition to the concept map provided by the student, the Betty system
can include an age-appropriate network created by the instructor (using the
same interface tools) that can also draw inferences. If needed, these inferences
can be used to help students rectify their concept maps. Betty’s Brain is similar
to AdventurePlayer in that it can operate with and without this type of domain
model. The students can simply create and test their own concept maps, just
like they can create their own simulations in AdventureMaker. When there is a
domain model available, the Betty system, also like AdventurePlayer, can com-
pare the discrepancies between Betty’s inferences based on the map provided
by a student and the domain model’s inferences to determine possible points
for instruction. However, unlike AdventurePlayer, the Betty system produces
indirect coaching based on discrepancies. We say “indirect” because we make
the feedback come through Betty to maintain the student’s sense of responsi-
bility. For example, Betty can ask, “I know I figured that an increase in fish
would increase the dissolved oxygen, but I remember my teacher said the op-
posite. Where have we gone wrong?” The system can gradually increase the di-
rectness of the feedback depending on student difficulties. For example, Betty
can ask, “Are you sure that fish eat dirt?” because the teacher’s domain model
does not include a dirt entity. At an even greater level of support, Betty can say
she asked a teacher or friend who handed her a concept map. She can show the
student the map that is the subset of the domain model deemed most relevant
to the question. '

After students assess and revise Betty’s Brain, they ask her to go public. This
can take a variety of forms. For example, each student in a class may create a
separate Betty. When ready, the students submit their Betty to the teacher’s
website. (Betty has Java genes. She is implemented as a platform-independent
Java applet.) The teacher can then ask the same question of all the Betty’s, and
students can see the different responses. This serves as an excellent context for
classroom discussion as students try to resolve which answers are correct and
why. A similar form is that students generate questions for one another that
they know their own Betty can answer. A third form of going public involves
collaborative problem solving. Under this model, students join their Betty’s in-
to team Betty. (The Betty system supports the automatic merging of databases
and the redrawing of the subsequent concept map.) Team Betty then tries to
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answer ‘ons.lnthebatofcases,teamBettycananswerquesﬁonsthat
none ofc:::sl;letty’soould resolve in isolation. In other cases, team Betty contra-
dicts herself, because the students had conflicting concept maps. Our hope is
thatitwﬂlbehighlymoﬁvaﬁngfortumsofstudenfswhobuﬂdam.amﬂfny,
and it will provide an excellent context for developing classroom discussions
owledge organization.
abo(‘:::::f the exciting possibilities with teachable agents is that they can help
studentsreﬂedonﬂnedisposiﬁonsofcﬁ'ecﬁvelwnmﬁﬁudmtsanex—
plore how different attitudes affect an agent’s abilitytolmnandreason..For
example, students can adjust Betty’s “attention” parameter tl.lat fktermThes
how well she “encodes” the relations she is taught. Ifher-attent:onnspoor, oi’
may put an entity into the wrong tclationshipor]mvc-lt ctutalltog.zdl:ded -
course,thegoalisnottotuchchildrenthatgoodattenuon.lsaﬂthat'un ed
for learning. Therefore, we plan to include a complex of different disposition
panmetusthatmldcntsmnadjmbnlmce,mddiscuss.krmmp.le,&.tty
canbestubbomandrefusetodohomeworksoshcforgetssomemlahonshlps
ovgtuﬁm can adjust disposition parameters that affect her reasoning. Al-
thoughstudentsdonotpmpamthesurchalgorfthms,they-canmdmctly
change them via Betty’s disposition. For example, if they receive a lazym
mddonotadjustha'thomughness'pa:amcta'.ne;tyonlym:thaonc
orstopsaﬂerﬁndingonesolution.Bettycanbetoomrdyandrepoﬁr:deevcry
stepofevu‘yinfe:cncechainshetries.rightormng.&ttyanbea i mhltoo
loouinherrasoningandchainacrossnodesthatha\fe.noacmalrelmo p-
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work with Betty. Ideally, this activity can help students reﬂect upon and discuss
the appropriateness of their own dispositions for learning.

Summary
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;aught Jasper with and without the aid of AdventurePlayer have noted how
elpful the program was for ing the complexity of the learning environ-
ments that Jasper adventures entail.

own,
Aseoondmmpleofmoﬁng&ommtotheuseof i
T Al techniques centered
und the concept of “teachable agents” whom students cxpli?:itly teach to
p;rformavanetyofcomplex activities. Our focus on teachable agents is part
o alargereffortmcxplorethepotentialbeneﬁtsoﬂeamjngbyteaching. There

is a great deal of intuitive support for the benefits of learning by

how on“erh;;lms to teach is aﬂ"ected by knowledge of (1) who will‘be taught; (2)
under r what oon.dmons (e..g., time constraints), and (3) the range of possible
teaching strategies that might be used (e.g., lecture versus alternatives).
" W_’e also argued that_ people learn during the act of teaching (and when re-
ectfngonr:hcxrtea&mg), and thatwhatateacherleamswilldependqnthe
quality of his or her students (e.g., the kinds of questions they ask). And we
wanted to ensure that students are not harmed by inexperienced or underpre-
gx:t-e]f teachers. ’I'herefc?re, Wwe are creating virtual “teachable agents” who are
urt by poor teaching, and who provide the kinds of questions and feed-
bagkut:me;:est enable their teachers to learn from them,
rt to design teachable agents follows the tradition of viewi
puters as not only tools and tutors, but also as tutees (Taylor ?9&%;
to program the Logo turtle represents an excellent example of the computer as
tutees approach '(e.g., Papert 1980). However, unlike Logo, we situate our
teachableagentsmpamada:environmentsthatmquirespedﬁcsetsofatti-
ﬂ;emagqahﬂs’m andflmowledge to function effectively. This allows us to focus on
on of conceptual knowledge that is i i
S, Mot et L 8¢ that 1s important for areas such as sci-
Our work on teachable agents has followed our beginning
I strategy of i i
SAD approaches and adding complexity as needed. Our initial sap n:!esig,nsmiltllf
volved agents whose behaviors were all prespecified. This work has allowed us
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to learn a great deal about student motivation and learning, and about ways to
provide feedback to students that facilitate this process. Subsequent work is al-
lowing our agents to be much more flexible by using agent-based Al tech-
niques.
Our work on teachable agents is quite new, so the ideas and data we present-
ed were preliminary. Nevertheless, students’ reactions to the “faux” agents
have been highly promising, and the Al-based agents are making the learning
situations even more exciting. One of our ultimate goals is to change the na-
ture of video games from environments that primarily emphasize weapons
and fighting abilities to ones that highlight important sets of knowledge, skills,
and attitudes. Combing our teachable agent software with the AdventurePlayer
type simulation environments will allow students to design agents for particu-
lar challenge environments, and then evaluate and cheer for the superior prob-
lem-solving performance of their agents in these environments. As the envi-
ronments become more complex, the knowledge students will need to teach
will become increasingly sophisticated and flexible. In this way, students can
develop an appreciation for the “big ideas” that organize thinking in different
domains. =
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