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An Intelligent Tutoring System for Circuit Analysis

Brian P. Butz, Senior Member, IEEE, Michael Duarte, and Susan M. Miller

Abstract—The Interactive Multimedia Intelligent Tutoring
System (IMITS) is designed to assist electrical engineering under-
graduate students taking their first circuits courses. The IMITS
system places the student in a real-life engineering scenario in
which the student is a newly hired engineer within the fictional
IMITS Corporation and given ‘real-life” problems to solve,
corresponding to course material. The office has file cabinets,
bookshelves, a printer, and a personal computer. The personal
computer allows the student to receive televideo messages, receive
“e-mail,” and send “e-mail” reports to senior engineers. A feature
of IMITS is that the student decides which actions to take and
may validate analyses and designs using a virtual laboratory
incorporated with the software. A brief historical perspective of
intelligent tutoring systems is presented, followed by an expla-
nation of their architecture. Next, a detailed discription of the
intelligent tutoring system IMITS is given. Then the results of
usability and effectiveness evaluations of the software are given.

Index Terms—Expert systems, intelligent tutoring systems, in-
teractive computing, multimedia computing.

I. INTRODUCTION

INCE the invention of the electronic computer two diver-
S gent opinions have existed as to how this device should be
used. One group saw the computer’s principal use as a number
manipulator: an extensive, ultrafast, and accurate calculator. An-
other group envisioned the computer as a symbol manipulator
that might be taught to use logic and make decisions in a human
fashion. The symbol manipulation group eventually founded the
discipline called artificial intelligence (AI). As time passed, Al
spawned many subdisciplines, one of which is expert systems.
An expert system is a computer system that performs at or near
the level of a human expert in a particular field of endeavor [1].

One of the most interesting applications of expert system
technology is for education. The goal of researchers has been to
develop a computerized tutor that performs at the level of an ex-
cellent human tutor. Computer-aided instruction (CAI) systems,
which first came on the scene in the early 1960s, scheduled re-
sources, managed teaching aids, and graded tests. However, the
predominant application quickly became using the computer to
interact directly with the student rather than have it act as an as-
sistant to the human teacher [2], [3]. Computer-aided instruction
systems evolved into intelligent computer-aided instruction sys-
tems and then intelligent tutoring systems (ITSs) when princi-
ples of artificial intelligence were applied to them. This applica-
tion occurred in the 1970s and 1980s. Although the development
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Fig. 1. Traditional intelligent tutoring system architecture.

of expert systems for training has been moderately successful
and other kinds of expert systems, such as income tax prepa-
ration assistants, have been extremely successful commercially,
ITS development did not advance significantly for several years
after these initial efforts. Within the last decade, prospects for
ITS have shown promise. Advancements in computer hardware
and software and the appearance of interactive multimedia de-
velopment tools have created a software environment that makes
real intelligent tutoring systems a possibility [4]-[6].

II. INTELLIGENT TUTORING SYSTEM ARCHITECTURE

The power, speed, and relatively low cost of modern tech-
nology make computer hardware and its interconnection less
and less an impediment to the development of effective intel-
ligent tutoring systems. The largest obstacle is one’s ability to
design effective interactive learning environments [7]. Intelli-
gent tutoring systems provide their own learning environment
and place the student within it. A traditional ITS architecture
is shown in Fig. 1. It is divided into four modules: the expert
model, the student model, the instructional model, and the
learning environment [8].

Most intelligent tutoring systems have their instructional
model represented in the form of procedural rules [9]. These
rules might trigger on certain student errors or on recognized
situations encountered in the tutorial session. Other factors
that may bring the instructional model into play include the
history of the tutorial session (e.g., the student being repeatedly
tutored on the same material), significant student actions, the
type of knowledge being imparted, and comparisons between
the student’s and the tutor’s knowledge.

The expert model is used to ascertain what the student knows,
does not know, and knows incorrectly. In communication with
the student and instructional models, the expert model often at-
tempts to determine what the student is doing incorrectly. Many
expert models also try to identify why a student is doing a proce-
dure incorrectly. The determination of why a student does some-
thing assumes that the student has learned a procedure for doing
something but has learned it incorrectly. Some expert models
attempt to identify the student’s faulty procedure, sometimes
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called a bug [10], and to correct it. The rationale for bug iden-
tification and correction is so that a student not only will learn
how to do a procedure correctly but also will learn how to cor-
rect faulty perceptions.

The student model should be constructed so that the expert
model can use it to determine what the student knows. The
expert model needs enough information from the student
model so that it knows the student’s level of competence, past
learning behavior, and learning style(s). The student model
is constantly modified as 1) the student proceeds through the
software environment and 2) the student takes actions while in
the environment.

The software environment is the “atmosphere” in which the
software developer places the student. The environment needs
to be conducive to learning and appropriate to the student’s
preferred learning style and level of competency. One con-
sideration is that the learning environment should fall within
the objectivism—constructivism continuum. An objectivist
educator believes in one correct reality and presents mate-
rial in this manner [11]. Consequently, the course is tightly
structured so that often the student is told what to do and
when to do it. In 1949, Tyler [12] developed a model based
on the objectivist paradigm. Tyler’s approach postulates that
four steps are necessary for effective instruction: 1) identify
the objectives of the instruction; 2) select the useful learning
experiences; 3) organize the learning experiences in the best
possible manner; and 4) evaluate learning. Constructivism is
on the other end of the continuum. Constructivists believe that
knowledge does not exist independent of the learner. Thus,
knowledge is constructed by the individual. The concept is
that an individual observes the world and interprets it. This
interpretation, affected by sensory experiences and social in-
teraction, is dynamic and results in meaning to the individual.
Consequently, a reasonable software environment might place
the user in a situation that is somewhere between no user
control (objectivist) and complete user control (constructivist).

III. INTERACTIVE MULTIMEDIA INTELLIGENT
TUTORING SYSTEM

The Interactive Multimedia Intelligent Tutoring System
(IMITS) focuses on the instruction of undergraduate electrical
engineering students. The material covered is that typically
presented in two courses on introductory circuits, covering
dc, ac, and transient analysis. The tutor monitors the student’s
activities in learning and understanding key material, analyzing
any difficulties that the student may be having and tutoring the
student when necessary. The tutoring consists of identifying a
student’s weaknesses in one or more of the learning objectives
associated with a particular program of material. (A learning
objective is a basic concept that forms an essential body of
knowledge in the area being studied. For example, within
electrical engineering, the understanding of Kirchoff’s voltage
law (KVL) and Kirchoff’s current law (KCL) is essential to
understanding the foundation of circuit theory. Consequently,
both KVL and KCL are designated learning objectives within
IMITS.) Depending on the nature of the weakness, IMITS then
modifies the instructional sequence and/or the amount of detail
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Fig. 2.

IMITS office.

presented. These modifications are made so that the student
may understand any logical flaws, correct them, and clarify any
misunderstanding about the material.

The IMITS system, developed using Macromedia’s Author-
ware, places the student in a real-life engineering scenario in
which the student is a newly hired engineer placed in an office
(Fig. 2) of the fictional IMITS Corporation and given “real-life”
problems to solve, corresponding to course material. The office
has file cabinets, bookshelves, a printer, and a personal com-
puter. The personal computer allows the student to receive tele-
video messages, receive “e-mail,” and send e-mail reports to
senior engineers. The first time the student enters the software
package, he or she is welcomed to the corporation via a video.
Next, the function of the office is explained visually using a
voiceover and an interactive demonstration. Then the student re-
ceives specific assignments that entail either analyzing designs
created by the senior engineers or designing simple systems.
The assignments are made via simulated e-mail, televideo mes-
sages, or videos. The student has complete flexibility in how
to respond by choosing books to consult, by selecting files to
read, or by prototyping designs in the virtual laboratory. The
files contain basic definitions and specifications about different
IMITS Corporation products. Books from the bookshelf con-
tain chapters, which are interactive multimedia tutorial lessons
about material that the student should understand to complete
the assignment. The students may choose which topic or topics
to investigate at any time.

The student also has access to a virtual laboratory (Fig. 3) in
which he or she may construct various circuits on a breadboard.
The virtual laboratory might be used to test out problem solu-
tions or candidate designs. It might also be used as a prelabora-
tory exercise that allows students to familiarize themselves with
equipment functionality before entering an actual laboratory.

The assignment is at the center of the learning paradigm
within the IMITS software package. The assignments may be
completed in any order, although preferably, a student should
complete them in a linear fashion. As a student attempts to com-
plete an assignment, the expert system watches the progress
that a student makes. At prescribed intervals, the student’s
performance on questions encountered is sent to the expert
system. The expert system takes this information, integrates it



(LIRS |

Fig. 3. Virtual laboratory.

into the existing model that represents the student’s knowledge,
and decides what to do next. Decisions include: do nothing,
provide additional tutoring on one or more learning objectives,
send the student to other interactive material, etc.

A. IMITS Framework

The assignment is the basis of learning within the IMITS soft-
ware package. More than just the correct answer for the assign-
ment is required of the student. Even if the student completes
the assignment correctly, using none of the interactive and ques-
tioning features available, specific questions await the student at
the end of the assignment. These “objective questions” are based
on the learning objectives of the assignment and verify that the
student knows how to do the assignment. Thus, the student is
evaluated based on his/her knowledge of the tutor’s learning ob-
jectives, not the correct completion of an assignment.

Various learning objectives are incorporated into every as-
signment. No assignment contains every learning objective, but
several learning objectives occur in multiple assignments. One
should consider the assignment scheme shown in Fig. 4. This
scheme is used in every assignment in the tutoring system. Fig. 4
shows that the student provides an answer for the assignment.
The answer could be correct or incorrect. If incorrect, the stu-
dent will be helped and will get other chances to complete the
assignment correctly (more will be said about this step later).
Once the assignment has been completed, the student is given a
set of objective questions to answer. These questions focus on
knowledge used to complete the steps in the solution of the as-
signment. The steps concentrate on the combination of learning
objectives that need to be mastered to complete the assignment.
The objective questions allow the tutor to determine whether the
student understands the prerequisite material or stumbled on the
correct answer by the fortuitous combination of faulty steps. In
addition, if the student did not successfully complete the assign-
ment, the objective questions allow the tutor to determine better
what learning objective(s) caused the problem.

Fig. 5 shows in more detail how the student progresses
through the assignment to the objective questions. When the
virtual team leader e-mails the student’s assignment, a hint
button is provided. Pressing the hint button allows the student
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Fig. 4. Assignment scheme.

to communicate with the team leader “face-to-face.” The team
leader, in a video clip, suggests that the student read certain
material in a specific book on the bookshelf for additional
information. The student can access the hint at any time or
ignore it. The student must return to the office to take advantage
of the facilities there and complete the assignment. Eventually
the student completes the assignment by sending the team
leader a virtual e-mail. If the answer is correct, the student is
given credit for scoring three points (the maximum) on one
question on each of the learning objectives inherent in the
assignment. If the answer is incorrect, the student is sent back
to the supervisor. The supervisor, through a video, tells the
student that the answer is incorrect and then, making use of
interactive multimedia, helps the student get started on the so-
lution. This step requires explaining some material and asking
basic questions that will start the student on the correct analysis
path while maintaining appropriate learning objectives. When
the supervisor has finished helping the student, the student is
sent back to the office to finish the assignment. The student’s
performance record (called the student model) is then updated.
The number of questions asked for each learning objective and
the total number of points earned for these questions are noted.

The student again e-mails the supervisor a solution. If cor-
rect, the student receives a credit of two points for answering
one question in each of the learning objectives. If the solution is
incorrect, the student is again sent to the supervisor. The super-
visor helps the student complete a little more of the assignment
and employs an interactive multimedia presentation, then asks
the student some questions on the material presented. After the
coaching given by the supervisor, the student returns to the of-
fice, and the student’s performance record is updated. For the
third and last time, the student is given an opportunity to com-
plete the assignment. If the student’s solution this final time is
correct, one more question is recorded as being answered for
each learning objective. One point is scored for each learning
objective for answering this question correctly. If the answer is
incorrect, the student is sent to the Skills Advancement Director,
a staff member other than the supervisor, who through a video
and an interactive presentation shows the student how to com-
plete the assignment.

At this point the student has finished the assignment, either
successfully or unsuccessfully. As shown in Fig. 6, the student
is next presented a sequence of objective questions that go over
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TABLE 1
DATA PASSED BETWEEN INTERACTIVE MULTIMEDIA AND EXPERT SYSTEM

Authorware

Expert System

Information passed

Learning objective k
-number of questions
-score
-possible score

>
Student model

Learning objective k
-updates number of questions
-updates score
-updates possible score
-moves past delta to historical
delta
-moves recent delta to past delta
-calculates recent delta (pct.)
-cumulative questions
-cumulative score
-cumulative possible score

Moduiles visited
-Bookshelf modules visited

- Tutoring modules visited

>

Bookshelf modules

-list of modules visited
Tuloring modules

-list of modules visited

basic aspects of the assignment. Upon completion of the objec-
tive questions, the student’s performance evaluation is updated
and sent to the expert system.

The expert system decides if the student’s performance is ac-
ceptable or unacceptable. Each learning objective encountered
by the student so far is examined. If a student’s score for a
learning objective is 60% or higher, the student’s performance
is acceptable for that learning objective. If a student’s perfor-
mance on every learning objective encountered thus far is ac-
ceptable, the student is sent on to the next assignment. If a stu-
dent scores less than 60% on one or more learning objectives,
the student needs additional work on those learning objectives.
Next, the expert system examines the student model and decides
what further actions it can take to assist the student.

B. Information Exchange

As shown in Table I, information is passed from the Author-
ware program to the student model at predefined intervals. Time

tags are added at the beginning and the end of the student model
each time the student enters and exits IMITS. The first item
of the student file will be the date and time in; the last item
of the student file will be the date and time out. As the stu-
dent proceeds through the various Authorware modules, files are
dynamically created. These files track the various submodules
that the student visits, record and store the student’s response
to each interaction, and note the learning objective attached to
each interaction. The expert system then mathematically com-
bines information if a learning objective is encountered more
than once as a student proceeds through the virtual environ-
ment. The IMITS expert system receives information from the
Authorware core program at certain time intervals. Information
is transmitted when the following occur:

* abookshelf module is completed or exited properly;

* the end of the objective questions of an assignment is
reached;

* the end of a tutorial is reached.
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A bookshelf module is completed if the student completes an
entire chapter or subchapter of a book. The module is exited
properly if it is completed or if the student clicks on the office
button (returns to office) while in a chapter or subchapter of a
book.

C. Expert System

IMITS’ expert system replicates the actions of a very good in-
structor or tutor. Its role is to “watch” the student’s performance
and to determine the student’s knowledge level. It also deter-
mines the student’s proficiency in essential areas of the material
covered. If a student is having difficulty in one or more essen-
tial aspects of the course material, the expert system determines
what action(s) to take.

Often students are required to answer questions or provide
solutions to problems. Each student response requires the
understanding of one, and only one, learning objective. Making
the learning objectives independent of one another allows the
system to measure more accurately the student’s mastery of
each learning objective. In addition, framing questions one
learning objective at a time shapes the pedagogy so that the stu-
dent is shown a logical systematic method to solve a problem.

As the student interacts with the material, a student file is
generated and is periodically updated. The student file contains
information about how a student is scoring on each learning ob-
jective and what modules within the IMITS software environ-
ment the student has visited. Specifically, the communication
between the expert system and the Authorware core program is
shown in Table 1.

When the expert system receives these data, it operates on
them by scanning every learning objective found in the student
model. It checks the cumulative score achieved for each learning
objective (LO). It notes each learning objective whose cumula-
tive score is less than 60%. Each learning objective is ranked
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by its level of sophistication. For example, suppose a student is
having trouble with Kirchoff’s voltage law, mesh current anal-
ysis, and Ohm’s law. Kirchoff’s voltage law is considered the
most fundamental concept of the three. Next in rank is mesh cur-
rent analysis, followed by Ohm’s law. The expert system would
first deal with Kirchoff’s voltage law, then with mesh current
analysis, then Ohm’s law. What follows is a description of how
the expert system handles each learning objective whose cumu-
lative score is less than acceptable.

The expert system first determines whether a student has been
through the objective questions that appear at the end of the as-
signment. If a student has completed the objective questions,
the expert system sends the student to the bookshelf or decides
whether to give the student tutoring. If a student has not com-
pleted the objective questions associated with the assignment,
the expert system determines whether the student has received
any tutoring to date. If the student has not yet received tutoring
on that LO, the expert system sends a command to Authorware
to give the student tutoring on the LO. After tutoring, the ex-
pert system reevaluates the student’s performance on that LO. If
the student already has received tutoring on a deficient learning
objective, the expert system looks at how well the student per-
formed on that LO when the last set of information was trans-
ferred from Authorware to the expert system. If the last report
(called the recent delta) on that LO showed a student score equal
to or greater than 60%, the expert system takes no action on that
LO. In this case the value of the recent delta convinces the ex-
pert system that the student is showing significant improvement
on that LO.

If the student’s performance on the LO is unacceptable and if
the student has received tutoring but the student’s recent delta on
that LO is less than 60%, the expert system has some decisions
to make. Has the student been tutored less than three times? If
the answer is yes, the student receives tutoring again. If the stu-
dent has already been tutored three times, the expert system as-
certains whether the student has been to the bookshelf that con-
tains material relevant to that LO. If the student has been to the
bookshelf but has not been to the objective questions associated
with the assignment, the student is sent to the assignment so that
the student may complete it. If the student has completed the as-
signment (been to the objective questions), has been to the book-
shelf, and has been tutored by the expert system three times, the
student has run out of options. The expert system directs the vir-
tual supervisor to dismiss the student from the IMITS Corpora-
tion. When a student is dismissed, he/she must see the course
instructor who will have received a report from the program
concerning the student’s performance. After the instructor as-
sists the student and is confident that the student understands
the learning objective(s), the student is given a code and is able
to use the software (return to the company) again. The student’s
performance indicators are reset to satisfactory in those areas
that caused the “termination.”

D. Laboratory

The virtual laboratory, which has been described in detail
elsewhere [13], [14], consists of a breadboard, components, and
instruments. Fig. 7 shows the workspace given to the student.
The virtual laboratory users may build and test circuitry with
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Experiment 1: Introduction to the Virtual Laboratory
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the following components: resistors, capacitors, inductors, vari-
able resistors, variable capacitors, diodes, zener diodes, tran-
sistors, and jumper wires. In addition, the laboratory contains
two dc power supplies, a function generator, a multimeter, a
two-channel oscilloscope, and a spectrum analyzer with a sweep
generator.

IV. EVALUATION OF IMITS

The evaluation [15] of the IMITS software environment oc-
curred in two phases: a usability assessment and an effective-
ness evaluation. Usability data provide information on a pro-
gram’s functional effectiveness, efficiency, and ease of learning
and use, motivational influence, and quality assurance. Effec-
tiveness evaluation focuses on a program’s impact on student
learning.

A. Usability Evaluation

1) Sample and Instrumentation: Usability data were ob-
tained from students in a single group design and from students
who were part of the effectiveness study. For the usability
evaluation, participating institutions included Duke, Howard,
New Mexico State, and Temple Universities, and Montgomery
County (PA) Community College; Temple and Rowan Uni-
versities were involved in the effectiveness study. In all, 114
students completed the IMITS Usability Questionnaire that
included 22 items using a five-point Likert-type scale (where
1 = strongly disagree and 5 = strongly agree) and open-ended
items. Usability information was also obtained from user log
files.

2) Usability Results: Students rated IMITS as a useful
learning tool regarding acquisition of engineering concepts
(mean = 3.58) and as an expert source of information (mean
= 3.36). About half of the students thought the more they used
the software, the more they learned. Although students are

not as likely to agree they enjoy a learning product as much
as they do a leisure one, the evaluator directly asked them
this question (mean = 3.11). Most students found IMITS
easy to use (mean = 4.06) and intuitive (mean = 3.68).
They gave the same high marks to using the different office
components (mean = 3.77) and to using the virtual lab
(mean = 3.15). They reported limited navigation within
sections (mean = 3.12).

Students reported that the various components of the software
program were helpful; they rated the virtual bookshelf as the
most helpful feature (58%). Eighty percent highly endorsed the
clarity of the book materials. Although participating students
were likely to be technologically sophisticated, they rated sev-
eral features of the virtual environment as realistic: student’s
role as a junior engineer (mean = 3.07), the company office
(mean = 3.05), and virtual lab (mean = 3.04). Students rated
IMITS as a high-quality multimedia product including audio
quality (mean = 3.99) and graphics quality (mean = 3.83).

Analysis of students’ log files indicated that students covered
a substantial number of learning objectives (median = 11).
The most frequently encountered objectives related to Ohm’s
law, Kirchoff’s current law, and Kirchoff’s voltage law. The
least frequently encountered were remedial objectives related
to complex algebra and graph reading. This pattern is consis-
tent with content expected in the first semester of a beginning
circuits course.

B. Effectiveness Evaluation

Two major questions guided the evaluation of the software’s
effectiveness on learning: 1) Did students who used IMITS (ex-
perimental condition) learn more (i.e., score higher on achieve-
ment measures) than their counterparts in the control condition?
and 2) Did performance on the IMITS embedded learning ob-
jective questions improve the more the software was used?
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STATISTICALLY SIGNIFICANT DIFFERENCES BETWEEN EQE;?M};LTAL AND CONTROL GROUPS ON LEARNING MEASURE
Experimental Control
(MITS {No IMITS)
Mean SD Mean SD F and Probability

Cohort 1

Course Lab #4 9.17(2.8) 333(48) |F(1.37)=2245 p.= 000
IMITS Problem #5 94 .58 (5.8) 87.80(4.7) |[F(1.37)=16.16 p.=.000
Cohort 2

Course Lab #4 799 (36) 918 (23) |F(1,34)=5.17 p.= 029
Course Exam #3 78.79 (20) 6594 (18) |[F(1.34)=4.90 p.=.034
Cohort 3

IMITS Problem #3 7.96 (2.0) 39(3.9) F(1.47)=21.74 p.= 000

1) Sample and Design: Students enrolled in four introduc-
tory circuits courses at two institutions participated in a quasi-
experimental study to examine the impact of IMITS on learning
(N = 175). Each course had two sections: students in one sec-
tion composed the control group and students in the other sec-
tion received a curriculum in which the instructor integrated
IMITS (experimental n = 90, control n = 81). The interven-
tion was randomly assigned to matching sections. Each corre-
sponding experimental and control group was referred to as a
cohort.

2) Data Analyses and Results: Between subjects analyses
using analyses of variance (with grade point average as a co-
variant for Cohorts 2 and 4) were used to compare classroom
achievement measures. As instructors used different assessment
measures, analyses were conducted by cohort. For all differ-
ences that were statistically significant, students in the experi-
mental group scored higher on performance measures than those
in the control group (see Table II).

Combining data from all students’ log files, 16 separate or-
dinary least squares regression analyses were used to capture
the direct effect of the number of questions on each objective
encountered on gain scores for each learning objective. In ad-
dition to the number of questions encountered, grade point av-
erage, race, and school were also regressed on the gain score.
School was included in the model for only 11 analyses, because
many had either no or too few students in all courses that ad-
dressed these five objectives.

For 12 learning objectives, the number of questions encoun-
tered by a student was directly related to the learning gain score.
For nine of these, the number of questions encountered was
the only statistically significant predictor variable. For the other
three learning objectives, race and/or school were also parts
of the predictive model. Details on the regression analyses are
available from the authors.

V. CONCLUSION

This paper has described a unique intelligent tutoring system,
the Interactive Multimedia Intelligent Tutoring System, which
has the following characteristics.

* Itis student-centered. It allows the student to decide how
he/she wants to approach the assignment. It allows the
student to use, in any order, any or all of the resources
present in the software environment.

* The pedagogy is one of “guided constructivism.” The as-
signment structure moves the student through an introduc-
tory circuits curriculum. The assignments build continu-
ously upon previously learned concepts.

* Each student interaction is associated with one, and only
one, learning objective. The expert system can pinpoint an
area of student deficiency. The deficiency is remedied by
a learn-by-doing approach. Multiple avenues of coaching
and tutoring are presented to the student that allow the
student to see the concept employed and to understand the
concept itself.

* The student has an opportunity to use a virtual laboratory
to see if the proposed solution works in actuality.

* The entire IMITS framework provides a structure in
which other interactive tutoring systems can be created.
The concepts of learning objectives and tutorials are con-
stant across various academic tutoring systems. Specific
learning objectives need to be selected for each course
tutored, but the scoring and decision-making process
is constant across academic systems. The structure of
the expert system coding remains constant, as do the
elements that compose the student model.
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