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Introduction

For almost ten years, we have been producing software and curriculum focused on the
teaching and learning of high school mathematics. Our products are called “Cognitive Tutors,”
to reflect their basis in cognitive science research and their use of intelligent tutoring systems to
guide student problem solving. Each of these products consists of software (called a “Cognitive
Tutor”), print materials (equivalent to a textbook, homework assignments, teacher’s guide, etc.)
and teacher training. Our intent is that each of these products provide teachers with all the

materials and support they need to teach an entire mathematics course.

This approach represents a major shift in the way we view educational technology.
Typically, such technology, although often paired with the main curriculum, is used as a
supplement, either for students who need extra practice or for those that can benefit from
enrichment. In the Cognitive Tutor approach, the software is an integral part of the curriculum.
Students work with the software in a computer lab during their regular class period in the same
way that students in a science course would have a lab component for some fraction of their

regular classroom time.

Typically, students in the Cognitive Tutor courses spend 40% of their time in the computer
lab. This represents a significant proportion of the students’ time in the course, and reflects our
belief that students’ use of this software is essential to the success that we have seen with
students. But the typical view of educational software as fundamentally supplemental suggests
that, if the software were presented without the text and training, then it would be relegated to

supplemental status.

The software automatically tracks the progress of student understanding over time and
controls pacing through the software curriculum. This allows students entering the lab to begin

work where they had left off the previous period and to proceed through the materials at their
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own pace. We believe that providing software that is capable of tracking student learning over
the whole school year is necessary but not sufficient for the software to be viewed as a first-class
component of the curriculum. It is the integration of the software into the fundamental course

structure that give the software this status.

By providing the print materials used in the classroom, the software used in the lab, initial
teacher training and ongoing support, we are able to have much more influence in the
implementation than the developers of most educational technology. This is in keeping with
Honey, Culp and Carigg’s (2000) argument that, if technology is to have a significant impact on
learning, the technology must be part of a broader systemic change. While we cannot claim to
have influenced the educational environment to this degree, our broader influence on how
mathematics is presented in the school may account for a large part of our success. In this
chapter, we will explore how we came to believe in this novel approach to the implementation of
educational technology in the classroom and why we believe it is a successful model for the

deployment of educational technology.

Project History

The Cognitive Tutor’s roots are in research conducted at Carnegie Mellon University.
Earlier studies of intelligent tutoring systems based on Anderson’s ACT-R theory (Anderson,
1993; Anderson and Lebiere, 1998) were used both as a way to collect data for basic cognitive
science research and as a way to increase student achievement. ANGLE, an intelligent tutoring
system for geometric proof and the Lisp tutor (which taught the Lisp programming language)
had both proven to be successful in real-world use (Anderson, Corbett, Koedinger, & Pelletier,

1995; National Research Council, 2000).

Although these projects were successful in an educational and technological sense, it
became evident that there were barriers to more widespread dissemination of the tutors. While

ANGLE was effective in teaching geometric proof, the NCTM Principles and Standards (2000)

Draft 5/21/04 — Do not anote



de-emphasized geometric proof, so the tutor could no longer find a place as the foundation of a

course following the standards.

Similarly, the programming tutors were limited in their broad applicability. The Lisp
programming language is still popular in the artificial intelligence community, and the tutor is
still used to teach the language at Carnegie Mellon University, but this is a limited audience.
Although the programming tutor technology was extended to Pascal and Prolog in addition to
Lisp, the extension of the tutors to these languages started to involve communities that were
further removed from the researchers’ direct interests (cognitive psychology and artificial
intelligence) and thus it became more difficult to track trends in curricular focus without greater
involvement with the community of people teaching more general programming languages.
While the tutors were developed in close collaboration with teachers, one barrier to wider
dissemination was that they did not take enough account of the broader national direction in
which the interested communities were taking (away from proof in the case of Geometry and

towards C++ and later Java in the case of programming).

An additional barrier had to do with guiding the proper implementation. The
implementations of these earlier tutors were closely watched and guided by the researchers. As
the number of implementations increased, the researchers could not be involved as closely.
Perhaps more importantly, they could not be as closely involved in the culture governing the
conditions under which the tutors would be used. As the tutors moved to environments that were
further removed from the culture of higher education, it became essential that they be developed
in collaboration with people who had more experience with the diverse cultures in which they
would be implemented. To address high school mathematics in a way that would make sense in
high school mathematics classrooms, it was clear that high school mathematics teachers needed
to be involved in all stages of the development of the tutors. It was also clear that the developers

needed to be aware not only of the pilot teachers’ needs and concerns, but of the general
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direction in which the field was moving and of the concerns of different members of the

community.

While dissemination considerations provided some of the need for collaboration between
researchers and teachers, it is clear that the exchange of ideas between researchers and
practitioners led to novel approaches and understandings that produced products that were of

higher quality, in addition to being more appropriate for broad dissemination.

Cognitive Tutor Description

Software

The fundamental approach in the software is to present a student with a problem and with a
set of tools that are appropriate to solving that problem. This approach parallels the view of tasks
presented in Hiebert, et. al, 1997. As the student works through his or her problem solution, the
system “watches” the steps that the student is performing. If the student’s actions indicate that
the student is confused or harboring a misconception, then the system will intervene and present
a message to get the student back on track. Otherwise, the student can proceed as if the tutor did
not exist. The student can also ask for a hint at any step in the problem-solving process, and the
system will respond with suggestions that are specific to the student’s solution path and to the

particular problem that the student is solving.

Figure 1 shows a screen shot from a typical problem in the Algebra I Cognitive Tutor. This
problem is presented in Unit 2 of 31 units in the curriculum and would typically be encountered
by a student at the end of the first month of class. In later sections of the curriculum, new tools

are introduced, and the functionality of some tools changes.

Text materials and classroom activities
As in the software, the classroom materials ask students to consider relationships between

different mathematical representations (text, tables, equations and graphs). This curricular focus
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is not unique and is similar to that taken in several new texts, including Concepts in Algebra (Fey

and Heid, 1999).

As the example text pages shown in Figure 2 illustrate, the student text is unusual, in that it
contains relatively little declarative instruction. Most of the declarative instruction takes place in
a problem-solving context. As in the software, students are expected to develop both conceptual
knowledge and procedural skills through interacting with real-world problem situations. The
tasks incorporated into the main student text ask students to reflect on the mathematics they are
performing to solve problems and require students to articulate their mathematical knowledge

and problem-solving methods in full sentences.

Much of students’ class time is spent in small-group problem solving. The text materials
include assignments, which can be used for this purpose. As shown in Figure 3, some of these
assignments are similar to the kinds of activities that students perform in the software, while
others relate to topics or approaches not addressed in the software. In addition to assignments

that ask students to articulate their findings in text, many involve class presentations.

Training and Support

With its emphasis on group activities, problem solving and class presentations, the
Cognitive Tutor course represents a major shift in pedagogy for most current mathematics
teachers (Stigler and Hiebert, 1999). Early on in the research project , it became evident that, if
this curriculum was to proceed beyond a closely-watched research project, we would need to
build the course in a way that, though it required different behaviors and pedagogical approaches
from teachers than a traditional textbook, did not impose such a burden of implementation on

teachers that only the best could succeed with the approach.

We believe that we have succeeded in creating such a course, in part because we recognize
that teachers face a hurdle in understanding how they fit in to a course that seems so different

from what they have previously done in class. To help overcome this hurdle, new teachers attend

6
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a four-day training class. Most teachers go in to this class thinking that they will primarily be
learning how to use the software. However, once they work with students in the computer lab,
they realize that their students have no problem entering values in text fields, re-arranging
windows and dragging-and-dropping points on the graph. Students are technologically savvy.
Students’ difficulties with the software involve understanding the mathematics required to
complete the problems, not the mechanics of manipulating the software to reflect their
understanding. Once in the computer lab, teachers spend relatively little time talking to students

about the software itself and much more time talking to individual students about mathematics.

During training, time is devoted to helping teachers understand how best to help students
who are struggling with the mathematics and how to best implement the pedagogical approach
and objectives of the curriculum. A particular concern relates to the integration of software and
the student text and classroom activities. After all, students proceed at their own pace through the
software, while the classroom necessarily proceeds at the same pace for all students. How,
teachers ask, can they deal with students who, in the software, are ahead of or behind the

classroom activities?

Of course, this situation is not unique to the Cognitive Tutor course. In every class, there are
some students whose understanding lags behind the pace of the class and others who perceive the
class as moving too slowly. But the Cognitive Tutor class” emphasis on problem solving and
small group activities allows students to naturally approach class activities in a way that is
consistent with their own level of understanding. More advanced students may be more articulate
and may use more formal methods in their problem solving, and these abilities may be shared

with other students in group problem solving and presentations.

Our approach in the training follows the pedagogical approach taken in the course. Teachers

learn the pedagogy and goals of the course by solving some of the same problems that students
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would solve in the class. They discuss issues like software and text integration as a way of

understanding the issues that may arise in the classroom.

Networking among users is critical. With the availability of the web and on-site user group

sessions, teachers are able to communicate and connect.

Effectiveness

A strong foundation in cognitive theory gives products like the Cognitive Tutors a good
chance at success, but continual testing and refinement with real students is the ultimate measure
of success. Through the years, the Cognitive Tutors have been subjected to many controlled
evaluations (Carnegie Learning, 2002; Koedinger, Anderson, Hadley and Mark, 1997; Anderson,

Corbett, Koedinger and Pelletier, 1995).

Evaluating the Cognitive Tutors presents many practical and methodological problems. A
Cognitive Tutor course differs from a traditional mathematics course on several dimensions. It
uses software as part of its primary instruction, it emphasizes small-group classroom activities
and it focuses on active learning. In addition, the Cognitive Tutor course’s emphasis on
mathematical problem solving, communication and translation between multiple representations

differs somewhat from the goals of most traditional mathematics courses.

Any of these differences could become the focus of an evaluation wishing to determine the
independent effect on a particular aspect of the course. Instead, our evaluations have taken the
course as a whole (text, software and training) as a single manipulation. This reflects our belief
that each aspect of the course reinforces the others, so the whole is greater than the sum of the
parts. To address different curricular emphases, evaluations have used multiple measures of

effectiveness, including standardized exams, problem-solving exams, and attitude surveys.

A particularly interesting study was conducted in the Moore, OK Independent School

District (Carnegie Learning, 2002b). In this study, students at five schools used either the
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Cognitive Tutor course or a traditional textbook. Six teachers in three schools agreed to teach
both Cognitive Tutor and traditional sections of the course. Students were randomly assigned to
condition, which provides the strongest evidence that differences between the courses are really
due to the curriculum (Shadish, Cook and Campbell, 2002). Within-teacher controls ensure that
the results are not due to differences in teacher ability or style. Outcome measures included
performance on the ETS Algebra I End-of-Course exam, course grades and measures of student
confidence and perceived usefulness of mathematics (this survey was based on one developed by

Fennema and Sheman, 1976).

The results, shown in Table 1, show students in the Cognitive Tutor classes significantly

outperforming the control students on all measures.

Measure Textbook Cognitive Tutor
ETS Algebra | EOC Exam 15.4 (5.8) 16.9 (5.5)
Semester 1 Grade 2.70 (1.20) 2.94 (0.10)
Semester 2 Grade 2.36 (1.30) 2.67 (1.19)
Attitude: Confidence 3.4 (1.0) 3.6 (0.9)
Attitude: Usefulness 3.6 (0.9) 4.0 (0.8)

Table 1: Means (and standard deviations) from the Moore, OK study. All results are statistically significant, p<.05, except
“attitude: confidence”, p<.08. All data reflect scores from students whose teachers simultaneously taught one or more Cognitive
Tutor and one or more textbook courses. Students were randomly assigned to condition.

The Cognitive Model Approach

A fundamental belief behind our approach is that a detailed and accurate model of student
thinking allows us to better select tasks for students, understand individual students’ strategies
and provide feedback appropriate to individual student errors. Although the close relationship
between our cognitive modeling efforts and the ACT-R theory is unique, the general idea that

instruction benefits from knowledge about student thinking is not new.

Cognitively Guided Instruction (Carpenter, Fennema, Franke, Levi and Empson, 1999), for
example, emphasizes understanding students’ current knowledge and problem-solving strategies.
CGI stresses that teachers can make better decisions when their instruction is informed by

knowledge about student strategies and concepts in the domain of concern.
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Unlike CGI, however, our approach results in a specific curriculum that embodies our
knowledge about student problem solving in a particular domain. Our goal is to encourage
students to solve problems using strategies that they have already found to be successful. The
curriculum then builds to more difficult problems of the same type, where students realize that

more sophisticated (and, often, formal mathematical) methods are more effective.

Initially, most students are able to solve problems using informal reasoning. As shown in
Figure 1, the tutor interface supports and encourages this type of reasoning. Students are
encouraged to complete specific instances before worrying about the formalization of

relationships in algebraic terms.

While some students may still solve the problem using formal methods (they’re free to fill
in the expression row before the specific instance rows and to solve equations on paper) but
there’s no incentive for them to do so. In fact, with simple problems like this, even advanced

students are faster and more accurate using informal methods than formal ones.

As the curriculum develops, students encounter problems that are superficially similar, but
that involve large decimal numbers for both slope and intercept. The system then puts the
expression row at the top of the worksheet and includes the equation solving tool. By this time,
many students have evolved a semi-formal subtract and divide unwinding strategy. The system’s
hints support students executing that strategy, but, if a student is not able to execute the strategy,
the system will recommend using equation solving. That is, if a student is unable to answer this
question and has not yet entered the algebraic expression for the amount of money saved, then
the system will direct the student to work on that part of the problem. Once this formal
expression is developed, if the student still is not able to answer the question, the system will
direct the student to solve the equation 112.424+48.43m=499.86. If the student uses the system’s
equation solving tool, the system will give the student support in completing that part of the

problem, as well.

10
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One could say that cognitive modeling in the Cognitive Tutor classroom has two different
types of effects. First, the cognitive model is an active part of the software that students use as an
integral part of their classroom experience. The model thus directly affects the tasks, feedback

and instructional material that a student sees in the classroom.

Second, the process of building a cognitive model teaches us about student thinking in the
domain of interest. This process includes conducting basic research aimed at understanding
student thinking and describing the task in sufficient detail that a computer model can be built to
simulate student behavior. Through this process of research and modeling, we learn more about
what makes particular tasks in a domain difficult, and this knowledge affects the composition,
ordering and presentation of tasks in the curriculum (both software and text). This type of effect
might be considered “indirect,” in that it results from the process of cognitive modeling, rather

than the presence of an active cognitive model.

Developing the cognitive model

The effectiveness of our courses depends on how well we understand student thinking about
mathematics and how well we have represented that thinking in our cognitive models. We use a
mixture of formal and informal techniques to develop cognitive models. An important emphasis
in the use of these methods is to maintain frequent contact with real teachers and real students.
This leads to an overall development process where one cognitive modeling technique suggests a
particular approach which is then tested in the classroom, refined and then, perhaps, enhanced by
results from another modeling technique. This development methodology fits well with Sabelli
and Dede’s (1999) description of “implementation research.” Some of the more important
techniques are difficulty factors assessment, formative experimentation, focused testing and skill

refinement

11
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Conclusion

The Cognitive Tutor programs represent a unique approach to the use of technology in the
classroom. As an implementation strategy, the integration of text and software as a standard part
of in-class activity prevents the software from being marginalized as supplemental. A more
fundamental form of integration results from the research strategy of basing both the software
and text in cognitive modeling. Cognitive modeling can be thought of as a way of understanding
student thinking and learning in a domain. The particular form of cognitive modeling that we
use, with its basis in ACT theory, allows us to include an active cognitive model to interact with

students and to collect data that lets us continually improve the model itself.

This approach has proven to be successful at improving student understanding of
mathematics, as measured both by standardized test scores and by students’ ability to solve

mathematical problems.
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Figure 1: Screen shot from Cognitive Tutor Algebra I software
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Figure 2: Two pages from the Cognitive Tutor Algebra I text
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Figure 3: Assignments from student text
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