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Abstract. This paper discusses the extensions that we have made to Betty’s 
Brain teachable agent system to help students learn about dynamic processes in a 
river ecosystem. Students first learn about dynamic behavior in a simulation envi-
ronment, and then teach Betty by introducing cycles into the concept map repre-
sentation. Betty’s qualitative reasoning mechanisms have been extended so that 
she can reason about cycles and determine how entities change over time. Prelimi-
nary experiments were conducted to study and analyze the usefulness of the simu-
lation. Analysis of the students’ protocols was very revealing, and the lessons 
learnt have led to redesigned simulation interfaces. A new study with the system 
will be conducted in a fifth grade science classroom in May, 2005. 

.1. Introduction

Modern society is engulfed by technology artifacts that impact every aspect of daily life. 
This makes learning and problem solving with advanced math and science concepts impor-
tant components of the K-12 curriculum. Many of the teaching and testing methods in pre-
sent day school systems focus on memorization and not on true understanding of domain 
material [1]. Lack of systematic efforts to demonstrate the students’ problem solving skills 
hamper the students’ abilities to retain what they have learned, and to develop the compe-
tencies required for advanced science and technology training in the future. A solution pro-
posed by researchers is to introduce constructivist and exploratory learning methods to help 
students take control of their own learning and overcome the problems of inert learning and 
learning without understanding [1].

The cognitive science and education literature has shown that teaching others is a pow-
erful way to learn [23]. Preparing to teach others helps one gain a deeper understanding of 
the subject matter. While teaching, feedback from students provides the teacher with an 
opportunity to reflect on his or her own understanding of the material [4]. We have adopted 
the learning by teaching paradigm to develop an intelligent learning environment called 
Betty’s Brain, where students teach Betty, a software agent, using a concept map represen-
tation [5]. Experiments conducted with Betty’s Brain in fifth grade science classrooms 
demonstrated that the system is successful in helping students learn about river ecosystem 
entities and their relationships [6]. Students showed improved motivation and put in extra 
effort to understand the domain material. Transfer tests showed that they were better pre-
pared for “future learning” [7].

In the current version of the system, Betty’s representation and reasoning mechanisms 
are geared towards teaching and learning about interdependence in river ecosystems. How-
ever, analysis of student answers to post-test questions on balance (equilibrium) made it 
clear that students did not quite grasp this concept and how it applied to river ecosystems. 
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We realized that to understand balance, students had to be introduced to the dynamic be-
havior of river ecosystems. This brought up two challenges. First, how do we extend stu-
dents’ understanding of interdependence to the notion of balance, and second, how should 
we extend the representation and reasoning mechanisms in Betty’s Brain to help middle
school students learn and understand about the behavior of dynamic processes. 

Analyzing dynamic systems behavior can be very challenging for middle school stu-
dents who do not have the relevant mathematical background or maturity. To overcome
this, we introduced the notion of cycles in the concept map representation to model changes 
that happen over time. To scaffold the process of learning about temporal effects, we de-
signed a simulation that provides a virtual window into a river ecosystem in an engaging 
and easy to grasp manner. This brings up another challenge, i.e., how do we get students to 
transfer their understanding of the dynamics observed in the simulation to the concept map
representation, where changes over time are captured as cyclic structures. 

This paper discusses the extensions made to the concept map representation and the rea-
soning mechanisms that allow Betty to reason with time.  A protocol analysis study with 
high school students pointed out a number of features that we needed to add to the simula-
tion interfaces to help students understand dynamic behaviors. The redesigned simulation
interfaces will be used for a study in a middle school science classroom in May 2005. 

2. Betty’s Brain: Implementation of the Learning by Teaching Paradigm
Betty’s Brain is based on the learning by teaching paradigm. Students explicitly teach and 
receive feedback about how well they have taught Betty. Betty uses a combination of text, 
speech, and animation to communicate with her student teachers. The teaching process is 
implemented through three primary modes of interaction between the student and Betty: 
teach, quiz, query. Fig. 1 illustrates the Betty’s Brain system interface. In the teach mode,
students teach Betty by constructing a concept map using an intuitive graphical point and 
click interface. In the query mode, students use a template to generate questions about the 
concepts they have taught her. Betty uses a qualitative reasoning mechanism to reason with 
the concept map, and, when asked, she provides a detailed explanation of her answers [5].
In the quiz phase, students can observe how Betty performs on a pre-scripted set of ques-
tions. This feedback helps the students estimate how well they have taught Betty, which in 

turn helps them reflect on 
how well they have learnt 
the information themselves.
Details of the system archi-
tecture and its implementa-
tion are discussed elsewhere 
[589].

Figure 1:  Betty’s Brain interfaces 

The system, implemented
as a multi-agent architecture, 
includes a number of scaf-
folds to help fifth grade stu-
dents in science classrooms.
These include extensive 
searchable online resources 
on river ecosystems and a 

mentor agent, Mr. Davis, who not only provides feedback to Betty and the student but also 
provides advice, when asked, on how to be better learners and better teachers. Experimen-
tal studies in fifth grade classrooms have demonstrated the success of Betty’s Brain in stu-
dents’ preparation for future learning, in general, and learning about river ecosystems, in 
particular [56].
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One of our primary goals is to help students extend their understanding of interdependence 
among entities in an ecosystem to the dynamic nature of the interactions between these en-
tities, so that they may reason about and solve problems in real world processes. Middle 
school students lack the knowledge and maturity to learn about mathematical modeling and 
analysis approaches for dynamic systems using differential equations. As an alternative, we 
have to develop intuitive approaches based on simplified, qualitative representations [10,
11] that capture the notion of change over time, hide complex details, but are still accurate 
enough to replicate the behavior of a real world ecosystem. Even experts use qualitative 
representations to develop quick, coarse-grained solutions to problems, and explanations 
for how these solutions are derived [14]. Researchers have used this approach to help stu-
dents develop high level reasoning skills that are linked to mathematical methods [11].

In this work, we build on the existing qualitative reasoning mechanisms in Betty’s Brain 
to incorporate temporal representations and reasoning. To avoid confusion and cognitive 
overload, these new additions have to be seamless extensions of the previous representation 
and reasoning mechanisms. Also, to accommodate our novice student learners, it is impor-
tant to provide them with scaffolds to aid their understanding of dynamic system behavior. 
In the learning by teaching framework, the student teachers are given opportunities to learn 
and understand the material to be taught before they proceed to teach Betty. To help stu-
dents in their preparations to teach, we have designed and implemented a simulation of a 
river ecosystem. In the rest of this section, we describe the simulation system, and the ex-
tensions to Betty’s qualitative reasoning mechanism.

3. 1. The Simulation 
In constructivist approaches to learning, students are encouraged to direct and structure 
their own learning activities to pursue their knowledge building goals [12]. To facilitate this 
approach to learning, we provide the students with an exploratory simulation environment,
where they are exposed to a number of situations that makes them aware of the dynamic
phenomena that occur in river ecosystems. The simulation includes a variety of visual tools 
that the students can use to observe how entities change over time, and how these changes 
interact to produce cycles of behavior in the ecosystem.

3.1.1 The mathematical model and simulator
The interacting entities in a river ecosystem are typically modeled as differential equation 
or discrete time state space models. Our river ecosystem simulation is based on a discrete-
time model that takes the form: ),(1 ttt uxfx , where , the state vector at time step 

 is defined as a function of the state of the system, , and the input to the system,  at 

time step t. We create a one-to-one mapping between the state variables in the simulation,
and the entities in the river ecosystem expert concept map that are created by the fifth grade 
science teachers. This concept map includes the following entities: fish, algae, plants, 
macro invertebrates, bacteria, oxygen, waste, dead organisms, and nutrients. The quantity 
of each of these entities is represented by a state variable, and a typical state equation takes 
on the following form:

1tx

1t tx tu

ttttttt BAMFPOO .0004.000075.0.001.0.006.0.001125.0212

This linear equation describes the change in the amount of dissolved oxygen, O2, from one 
time step to the next for the ecosystem in balance. and  represent the 

quantity of dissolved oxygen, plants, fish, macroinvertebrates, algae, and bacteria, respec-
tively, in appropriate units at time step, t. The coefficients in the equation represent the 
strength of interactions between pairs of entities. For example, the coefficient for  is 

greater than the coefficient for  because fish consume more oxygen than macro inverte-
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3. Extending Betty’s Brain: Introducing the temporal reasoning framework
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The state equations would have been much more complex with steep nonlinearities, if
we had included phenomena, where the river did not remain in balance. Instead, we employ
a hybrid modeling approach, and switch the equations when the entities exceed predefined 
critical values. For example, if the amounts of dissolved oxygen and plants fall below a cer-
tain value, they have a strong negative effect on the quantity of fish in the river. This phe-
nomenon is captured by the following equation:

If 3 (ppm) and2 tO 3500tP (micromg/L)

tttttt FPFOFF ).50000/)4000(().300/)26((1

Therefore, our state equation-based simulation model captures the behavior of a river eco-
system under different operating conditions that include the behavior of the ecosystem in 
balance and out of balance.

The simulation model was implemented using AgentSheets [13], which is a software 
tool designed to facilitate the creation of interactive simulations using a multi agent frame-
work. This tool was chosen primarily because it provides an easy way to construct appeal-
ing visual interfaces. Its user friendly drag and drop interface made it easy to implement the 

simulation model. Each entity was mod-
eled as an agent with the appropriate set 
of equations describing its behavior at 
every time step.

3.1.2 The visual interface 

Figure 2: The simulation interface

Fig. 2 illustrates the visual interface of the 
simulation system. It has two components.
The first uses an animation to provide a 
virtual window into the ecosystem. Its 
purpose is to give the student an easy to 
understand global view of the state of the 
system. The second component uses 
graphs to give a more precise look at the 

amount of the different entities and how these amounts change with time. The student can 
use these graphs to not only determine the amounts, but also study patterns of change. Fur-
ther, since the cyclic behavior of the variables was clearly visible in these plots, we be-
lieved that students could use these graphs to learn about cycle times, and teach Betty this 
information in the concept map representation. 

3.1.3 Ranger Joe 
Ranger Joe plays the role of the mentor in the simulation environment. He provides help on 
a variety of topics that range from textual descriptions of the simulation scenarios, to telling 
students how to run the simulation, and how to read the graphs. When asked, he makes stu-
dents aware of the features available in the simulation environment, and how students may
use them to learn more about dynamic changes in the river. The current version of Ranger 
Joe provides responses in text form only. 

3.2. Extending Betty’s reasoning mechanisms to incorporate temporal reasoning 
As discussed earlier, we have extended the concept map representation in Betty’s Brain to 
include cyclic structures. Any path (chain of events) that begins on a concept and comes
back to the same concept can be called a cycle. For example, the concepts macroinverte-
brates, fish, and dissolved oxygen form a cycle in the concept map illustrated in Fig. 3.
Unlike the previous version of Betty’s Brain, where the reasoning process only occurred 
along the paths from the source to the destination concept (identified in the query), e.g., “If

brates. Producers of oxygen, plants and algae, have positive coefficients and consumers,
fish, macroinvertebrates, and bacteria, have negative coefficients in the above equation.
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path and so on. This creates a cycle of change and the time it takes to complete an iteration 
of the cycle is called the cycle time.

The query mechanism had to be extended so Betty could answer questions that involved 
change over time, e.g., “If algae decrease a lot, what will happen to bacteria after one 
month?” Last, Betty’s reasoning and explanation mechanisms were extended. Each of these 
is described below. 

3.2.1. Concept Map Building and Query Interfaces 
We extended the concept map interface to allow students to teach Betty about dynamic
processes by constructing a concept map with cycles (see Fig. 3). To help Betty identify a 
cycle in the concept map, students click on the “Teach Cycle” button, which brings up a 
pop up window with the same name. Students identify the cycle, using any one of the 
nodes as the starting point, e.g., crowded algae in cycle 2 (Fig. 3) then identify the other 
concepts in the cycle in sequence, e.g., dead algae, then bacteria, and then nutrients. Along 
with each cycle, the student also has to teach Betty the time (in days) it takes to complete
an iteration of the cycle. Betty responds by identifying the cycle with a number. Fig. 3 
shows the concept map after the student has built two cycles identified by Betty as cycles 1 
and 2 with cycle times of 5 and 10 days, respectively.

Like before, students can query Betty. The original query templates were extended as 
shown in Fig. 3 to include a time component.

3.2.2. Temporal Reasoning Algorithm and Explanation Process 
The extended temporal reasoning algorithm that Betty uses has four primary steps. In step 
1, Betty identifies all the forward and feedback paths between the source and destination 
concepts in the query. For the query, “If algae decrease a lot, what will happen to bacteria 
after one month?” Betty identifies algae as the source concept and bacteria as the destina-
tion concept. A forward path is a path from the source to the destination concept (e.g., al-
gae crowded algae dead algae bacteria) and the feedback path traces back from

Figure 3: Betty’s Brain: Temporal Reasoning Interface 

(top-right): temporal question template; (bottom-right): interface for teaching Betty about cy-

ample, a change in the amount of bacteria above may cause a change in the amount of fish 
along the feedback path, which would further cause a change in bacteria along the forward 

changes that occur along feedback paths from the destination to the source concept. For ex-
fish increase what happens to bacteria?”, the new system also takes into account the 
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integrated with the chain of events propagation in the slower cycle. This method incorpo-
rates the time-scale abstraction process developed by Kuipers [014]. This process is re-
peated for the feedback path, and the result gives the updated values for the source and des-
tination concepts after one full cycle. In step 4, this process is repeated multiple times till 
the value of the destination concept has been derived for the time period stated in the query.  

For example, when asked the query about algae and bacteria, Betty first identifies the 
forward and feedback paths shown earlier, and propagates the change of algae to the 
concepts on the forward path and then to the concepts on the feedback path using the 
original reasoning mechanism. She determines that crowded algae, dead algae and 
bacteria decrease a lot on the forward path, and dissolved oxygen, and macroinverterbrates
increase a lot. In step 2, she identifies two cycles (cycles 1 and 2 in Fig. 3), one on the 
forward path, and the second on the feedback path. Since cycle 2 has the larger cycle time, 
she assigns the main cycle a period of 10 days. After that, she runs the reasoning process 
twice (10/5) for cycle 1 and determines that macroinverterbrates and fish increase a lot and 
dissolved oxygen decreases a lot. Cycle 2 is run once (10/10) to derive that crowded algae,
dead algae, and nutrients decrease a lot. Betty then combines the effects of cycles 1 and 2 
to determine the value for algae after 10 days (feedback effect), i.e., algae decrease a lot, 
and, as a result, bacteria decrease a lot (this completes one cycle, i.e., a 10 day period of 
behavior). Since the student wanted to know what happens to bacteria after one month, this 
process has to be repeated three times, and Betty arrives at the answer that bacteria
decrease a lot. 
     To facilitate student’s understanding of the temporal reasoning mechanisms, Betty uses 
a top-down explanation process, if asked to explain her answer. First, Betty explicates her 
final answer, and states how many full cycles she had to run to get this answer. Then Betty 
breaks down the rest of the explanation cycle by cycle, and then combines the results. Stu-
dents can control what parts of the explanation and how much detail they want, by simply 
clicking on “Continue Explanation,” “Repeat,” and “Skip” buttons in left bottom of the in-
terface.

4.0 Protocol Analysis Studies with the Temporal Betty 

We conducted a preliminary protocol analysis study with 10 high school students. None of 
these students knew or remembered much about the river ecosystems unit they had covered 
in middle school. The overall goal for each student was to teach Betty about the dynamic 
processes in river ecosystems by first teaching her about general concepts of the ecosystem 
by drawing a concept map and then refining the map by identifying cycles and teaching her 
timing information. One of our goals was to see how they would use the simulation tool to 
derive information about the structure and time period of cycles. Each student worked with 
a research assistant (who conducted the study) on the Betty’s Brain system for two one 
hour sessions. As students worked, the research assistants involved them in a dialog, in 
which they asked the students to interpret what they saw in the simulation, and how that in-
formation may be used to teach Betty using the concept map structure. All verbal interac-
tions between the student and the researcher was taped, and later transcribed and analyzed. 
An overview of the results is presented next. 

Overall, all students liked the simulation and felt that it was a good tool for learning 
about river ecosystems. Also, they thought that the river animation was engaging and 
served the purpose of holding the student’s attention. The researchers asked specific ques-

brates algae). In step 2, using the original reasoning process [5], all the concepts on 
these paths are given an initial value. In step 3, Betty orders the cycles from slowest to fast-
est, and executes the propagation of the chain of events for each cycle. When a path in-
cludes more than one cycle, the faster cycle is run multiple times, and then its effects are 

bacteria dissolved oxygen macroinverte-the destination to the source concept (e.g., 
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Also, some of the dialogues indicated that the graphs were put to good use in learning 
about cycle times. For example, a student, who was trying to find the cycle time involving 
fish and macro invertebrates said: 
Researcher: Are you trying to assign the time period of the cycle? 
Student: Yeah, see how the cycle kind of completes the whole graph in about 2 days. 
A second example: 
Researcher: What is hard about using the graphs? 
Student: Well, I see the graph; I see the sine wave and the period of the sine wave, right here, right? 
Researcher: Right. 
Student: So I would think of that as completing the cycle. 

Students also made some important suggestions about the graphs. Many of them men-
tioned that it would be better to have multiple quantities plotted on the same graph. Some 
of them said that it would be useful to have quantities plotted against each other rather than 
plotted against time so that relationships between such quantities could be observed di-
rectly. Others said that simply showing numbers of changing quantities over time would be 
useful too.

We also had some feedback about the resources and feedback that Ranger Joe provided. 
The students found the text resources to be useful but thought there was too much to read, 
so it would be a good idea to reorganize the text into sections and make it searchable. They 
also thought that Ranger Joe was passive, and that he should be an active participant in the 
learning process. Most students stressed the importance of being able to easily navigate be-
tween different graphs and see them side by side for easy comparisons.  

These protocols provided valuable feedback on the effectiveness of the different features 
of the simulation. We realized some of the features would have to be modified, and extra 
features had to be implemented. These changes could not be implemented in AgentSheets. 
This motivated us to redesign and reimplement the simulation in a flexible programming 
environment like Java to facilitate the addition of new tools and easy integration of the 
simulation and Ranger Joe with the temporal Betty system. 

5.0 The Redesigned Simulation System 

Different representations enhance different aspects of thinking and problem solving skills. 
In the new simulation, we present the state of the river ecosystem using a number of differ-
ent representations that are more relevant to their problem-solving tasks. In this version of 
the simulation, we provide the students with a new set of tools which exploits the use of 
representations as a critical tool of thought. We also hope that this will help students de-
velop representational fluency, which is an important attribute to have while attempting to 
solve complex real world problems.  

The tools for the presentation and analysis of the information in the graphs have been 
revamped. Students can now choose the graphs they want to view from a pull-down menu. 
They can choose between line graphs and bar graphs. The unit of time for the bar graph 
plots can be a day (unit of time in the simulation), or a week (typically the frequency with 
which experimental data is collected in rivers). A second feature introduced is a compare 
graph tool that allows the student to plot multiple quantities in the same graph to get a bet-
ter idea of the interrelationships between the entities. The students can also view the simu-
lation data in tabular form. A third tool will help students analyze the temporal change in 
the quantities in a more abstract qualitative way. Changing trends are depicted by upward 
facing arrows (increase in the quantity) and downward facing arrows (decrease in the quan-

: They were critical because that’s where I got my initial impression because ordinarily when som
gives you something to read, it’s really a small amount of text and doesn’t clarify mu
main source of information.  

 So do you think the graphs were helpful in helping you think about the temporal cycles? 
Student

tions that focused on students’ understanding of graphs, cycles and cycle times. An exam-
ple dialog that was quite revealing is presented below. 
Researcher:

eone 
ch. So the graphs are the 
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role in this new environment. He can address specific questions that the student might have, 
and gives feedback that is tailored to the students’ current activities.  

5.0 Discussion and Future Work 

Our upcoming study with middle school students starting in May, 2005 will focus on evalu-
ating the usefulness of the system (temporal Betty + the simulation) in teaching about dy-
namic processes in a river ecosystem. In particular, we want to find how easy it is for stu-
dents to understand the notion of timing and cycles and also how well they can learn to 
translate timing information in the simulation into the concept map framework. Also, we 
want to study the various graph representations in terms of their general usefulness, their 
frequency of use, and their success in helping students learn about the dynamic nature of 
ecosystem processes. 
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tity). This representation provides information that is closer to what students need to gener-
ate the concept map. 

The text resources have been restructured and reorganized in a hypertext form. They 
contain a detailed description of how to use the different tools in the simulation and how to 
use and interpret graphs. A keyword search features helps students to easily find the spe-
cific information they are looking for. The mentor agent, Ranger Joe, plays a more active 
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