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Abstract

This paper presents the design and implementation of
PrYSIMC, which supports case-based learning of ele-
mentary physics in a computer-assisted simulation en-
vironment. The PHYSIMC system facilitates physics
problem solving by providing 1) a user-friendly inter-
face for problem specification via direct manipulation
of physical objects, 2) 2-D motion simulation of prim-
itive physical objects, 3) a case library of successful
problem-solving episodes, and 4) a browsing tool for
relevant problems and their corresponding solutions.
As a result, a student can make use of past problem-
solving experiences in attempting to solve a new prob-
lem. In a knowledge-based simulation environment,
such case-based learning tools help narrow the gaps
due to incomplete domain knowledge.

1 Introduction

Modern computer technologies have helped create a
wide range of computer-aided instruction (CAI) soft-
ware. Many current CAI systems present textbook
knowledge through a multimediainterface so as to boost
a student’s interests in the subject matter. Exam-
ples and tests are usually extracted from a prestored
database of problems based on certain instructional
strategy. With proper student modeling, the problem
sets can be further tailored to the level of focus, moti-
vation, and comprehension of the individual student.

1.1 Motivation

In most CAI systems, the learner plays a passive role in
her interaction with the computer. Since CAI systems
are often designed from the viewpoint of a teacher, too
much emphasis has been placed on the teaching pro-
cess rather than on the learning process. PHYSIM is
a knowledge simulator for elementary physics using an
object-oriented approach (Hou 1995). Its object knowl-
edge base is partitioned into domains, each of which
corresponds to a specific subject in high school physics.
In addition to the object manager, the system has an
event-driven simulation manager as well as a GUI man-
ager. Instead of using pre-stored problem sets, the
learner can experiment with an arbitrary scenario in-
volving a variety of common physical objects from a
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set of primitives defined for the specific subject. Such
a system can complement structured teaching in class-
rooms by providing solutions in the form of simulation
to problems specified and manipulated by the learner.

Although physics is among the few “good” domains
in which there exist well-defined laws governing objects,
it is difficult or impossible to articulate the knowledge
about any complex domain. As a result, a strictly
knowledge-based system will perform poorly for do-
mains involving many dynamic objects or inexact rea-
soning. Early cognitive experiments suggested that a
human can often reason by remembering previous situ-
ations similar to the current one and uses them to help
solve the new problem. Case-based reasoning is used to
solve problems all around us. For example, attorneys
are trained to use cases as precedents for constructing
arguments in new cases. Medical doctors are trained
by studying and analyzing cases of past patients for
diagnosing new patients. Similarly, going over the so-
lution steps for solving analogous physics problems.can
suggest plausible solutions to a new problem.

This paper presents the design and implementation
of an intelligent teaching assistant (ITA) that facilitates
a student to learn by actively exploring the subject do-
main in an interactive environment. The ITA starts out
with relatively little knowledge about solving problems
in the subject domain. Each successful problem solving
episode is recorded, parameterized, and indexed into a
case library. The primary objectives for PHYSIMC are
to provide

¢ an environment for learning by active exploration,

e a user-friendly interface,

e guidance during the problem-solving process, and

o facilities for reviewing interesting cases.

The resulting system can help focus the student’s at-
tention on important features of a problem.

1.2 Case-Based Learning for ICAL

Case-based reasoning has been an area of active re-
search in Al (Kolodner 1993; Leake 1996), and it has
been considered as a promising technology for intel-
ligent tutoring systems (Edelson 1996; Schank 1996).



Instead of using predefined cases for teaching, this re-
search aims to integrate case-based learning with a
knowledge simulation environment.

To supplement the incompleteness of domain knowl-
edge, the system records each successful problem solv-
ing process performed by the teacher in a case library.
When the student attempts to solve a new problem that
doesn’t have a readily applicable solution method, the
system can retrieve and present to the student relevant
problems from its case library. By browsing through
similar problems, a student can often infer a plausible
approach to work on the problem at hand. By work-
ing with the student step by step, performing neces-
sary checking and derivation toward the solution, the
system can assist the student in trying out different ap-
proaches to solving an unfamiliar problem. In addition,
the system should prcvide suitable on-line help during
the problem solving process on demand.

The case-based teaching assistant is designed to work
in two exclusive modes:

1. Teacher mode — The teacher starts by specifying
a problem scenario by selecting and dragging icons
from the object menu into proper geometrical loca~
tions. She then defines the relationships among ob-
jects. Each object is then associated with a physical
phenomenon and its relevant physical laws. The sys-
tem performs the necessary substitutions of known
values and calculations of unknown values. The
system then proceeds to simulate the corresponding
physical phenomenon exhibited by all the objects as

a whole. Whenever there is a change of state, e.g.

an object hitting the ground, the system pauses for
the teacher to enter instructions for the next step.
The process is repeated until all objects reach the
termination state (e.g\ when a system reaches equi-
librium).

2. Student mode When the student works on a new prob-
lem without the guidance of a human teacher, the
ITA can retrieve relevant cases according to a well-
defined similarity metrics. The cases are presented
to the student who will perform the necessary rea-
soning for adapting the case to the new situation.
A more sophisticated system may propose plausible
adaptation(s) of the old cases for the new problem.
However, the adaptation problem is much harder and
not explored here. The ITA module will continuously
learn from new cases so that its performance should
be improved over time.

In what follows, let us start by observing the steps in-
volved in solving simple problems of projectile motion.

Suppose that a rigid ball is thrown at an angle
0 above the horizon. Its initial velocity is v. Deter-
mine the distance between the point where the ball
was thrown and the point where the ball touches the
ground.

The projectile motion is a two dimensional motion,
which can be decomposed into a horizontal motion and

a vertical one. The following laws of physics are applied
to solve the problem.

¥y = Usinf + éd’t?‘

tl = 2t
Vg = Ucosh
s= Ez‘tl

Given a new but similar problem:

Suppose that a rock is thrown at an angle 0
above the horizon a time ty. Its initial velocity is
v. Determine the time t for the rock to touch the
ground.

Knowledge about the 2-D decomposition as well as the
physics laws can be readily applied to solving the new
problem. The key idea of PHYSIMC is to support such
transfer of problem-solving experiences.

2 System Architecture

The overall architecture of the PHYSIMC system is
shown in Figure 1. In this system, a number of distinct
physics subjects share the knowledge base and case li-
brary. When the user designs physics problems for a
specified subject, the system builds four managers for
that subject automatically. The object manager also
plays an important role as the intermediate interface to
the knowledge base and the case library for the other
modules.

Themnodynarnics Subject
Optics & Waves Subject

Mechanics Subject

Simulation
Manager

GUI
Manager
Object
Manager

Object-Oriented KKowledge Base 2 5

Physical Graphical Retattonal Physics (.;ase
Object Object Object Law Library
\*/

Figure 1: System Architecture of PHYSIMC

The major components include the following:



The GUI Manager provides the interface between
the system and the user.

e The Object Manager handles the creation and
deletion of object instances.

e The Simulation Manager is in charge of the simu-
lation scheme for the given subject.

e The Case Manager supports case based reasoning.

e The Object-Oriented Knowledge Base consists
of objects for the specifications of physics problems
and their simulation.

The system is designed to be used by both teach-
ers and students. The user can describe an arbitrary
physics problem in a given domain by defining the ob-
jects and their relationships in the GUI window. A
text description of the problem can be recorded in the
authoring window.

3 Case-Based Reasoning

Case-based reasoning is based on the idea that one
can make use of past experiences in solving similar
problems. There is much evidence that people do, in
fact, use case-based reasoning in their daily activities.
Adapting a memorized case to fit the new problem sit-
uation is an intuitive method for generating reasonable
answers to the new problem. Physics problem solv-
ing requires knowledge about the domain as well as its
solution strategy. When a new problem is presented,
a student can often benefit from examining past ex-
periences in solving similar problems. The case-based
tools in PHYSIMC support the recording and browsing
of prior problem solving episodes. The basic issues of
case-based reasoning include case representation, case
indexing, case retrieval and case adaptation. In this
section, we propose to combine CBR with an object-
oriented knowledge model. In particular, the method
has been implemented to support case-based learning
in PHYSIMC. The CBR process involves the following:

a. Use the problem description to identify a “similar”
old case.

b. Retrieve the solutions to the old case and present
them to the problem solver.

c. Adapt the results from the old case to the new situ-
ation.

d. Apply the adapted results to the new situation.

Due to its intuitive appeal, CBR has been applied
to a wide range of problems such as robot navigation
{Moorman & Ram 1992), manufacturing automation
(Pu 1992), planning (Hammond 1989) and story un-
derstanding (Ram 1993; Burke & Kass 1996) etc. CBR
is an effective method since it does not involve deep rea-
soning, which relies on a detailed theory of the domain.

3.1 Case Representation

Given that there are infinitely many problems with ar-
bitrarily high complexities, it is impossible to index and
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store the solution for every physics problem in the case
library. Fortunately, each problem can usually be de-
composed into a finite number of subproblems. There-
fore, the case library should consist of primitive prob-
lems and their solutions. A student can learn to solve
a complex problem by combining the solutions of the
constituent problems.

The PaYSIMC system employs an object-oriented
knowledge base to simulate a variety of phenomena in
simple physics domain. Each case contains a collec-
tion of objects corresponding to four types of knowledge
resources (physics objects, graphical objects, physics
laws, relation objects) in the knowledge base. Each case
in PHYSIMC is organized into a flat sequential struc-
ture, which provides an effective method for case repre-
sentation in an object-oriented environment. The case
representation for the simple physics problem below is
shown in Table 2.

A small ball with a mass of 5§Kgq is placed on
the ground. Given a 10NT force in the horizontal
direction to the ball, determine the acceleration of
this ball.

Environment Variables

Gravity 9.8 mis"s
Environment ID_SIMULATION_ONEARTH
TimeSlot 0.1 sec
Physical Object
Balt
D 1
Name Ball
Mass 5Kg
MotionType MOVABLE
Acceleration 2.0 sec/m*m
Velocity Unknown
Ground
) 2
Name Ground
MotionType STICK
Force
D 3
Name Force
Value 100t
Vector (100,0)
Graphical Object
Ball
Position (450,568)
Radius 20cm
Color Red
Ground
Position | (200,573)
Color | Green
Force
Position | (460,58)
Color | Blue
Relation
Relation Type contact
D1 1
iD2 2

Physics Laws

I Formutal T Fxm'a 1
| Apply to which ID | 1 ]

Figure 2: A sample case as a list of objects

Several alternative structures, such as memory orga-
nized packets hierarchy (Schank 1982). conceptual
graphs (Fung & Adam 1995), and explanation patterns
(Schank 1986) have been used in CBR systems. Al-
though these sophisticated structures can facilitate rea-
soning in case adaptation, adding additional informa-
tion into these structures is a complex task.



In addition to the problem description, a case repre-
sentation should also contain the following information.

¢ Solution: the stated or derived solution to the prob-
lem;

e Outcome: the resulting world state when the solu-
tion is carried out.

Case specifications in CBR may be incomplete.

3.2 Case Indexing Scheme

Indices of cases in a case library have a significant im-
pact on the efficiency of a case-based system. In this
work, the indices for a case is selected by the system
builder, who is responsible for analyzing a domain in or-
der to create a good index list. Since there are different
subject domains, the indices are selected according to
characteristics of the domains. For example, the indices
for the physics example earlier in this section are shown
in Figure 3. The PHYSIMC system provides a tool for

Subject mechanics
Environment ONEARTH
Problem Goal Acceleration
Motion Directior: X-Axis
Object List ball, ground, orce
Refation contact
Two objects of relation ball, ground

Force apply to which object

ball

Figure 3: Sample Indices

index selection. A list of indices is separated from the
corresponding case in the implementation. The system
does not have to load the entire case into memory when
selecting similar cases. As a result, memory space is
minimized and search speed is enhanced.

3.3 Case Retrieval

The most important issue in PHYSIMC, and indeed in
any case-based system, is to select the exact or partial
matches from the case library. A good CBR system
should have a retrieval algorithm that is both correct
and efficient for handling a large number of cases. Ef-
ficient retrieval algorithms take into account priority
among features of a case. For example, if the reasoner
is attempting to choose a plan to achieve a goal, then
a match between the current goal and a goal in an old
case 1s the most important; the next is to match the
constraints that guide how the goal must be achieved;
and then is to match the features selected by the old
case. Matches on other features are ranked consider-
ably lower in importance.

3.4 Retrieval Algorithm

The current case library contains only the fundamen-
tal problems in kinematics and optics. A flat memory
model is adequate when the case library is of a rela-
~ tively size. Cases are located by a sequential search of
the memory for matches. However, when PHYSIMC is
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extended to include more cases, it is necessary to par-
tition the case library. One possibility is to partition
the case library according to the physics subjects. The
retrieval algorithm will keep cases from being retrieved
unless the subject is matched. For example, in identi-
fying matches for an input problem on kinematics, it is
not necessary to spend time in searching through cases
on optics. Search through the entire case library can
easily be avoided.

Unlike database query processing, one may wish to
retrieve cases that are only partial matches. It is pos-
sible that there doesn’t exist any case in the case li-
brary that matches the new situation exactly, so search
must result in retrieval of a close partial match. Partial
match algorithms are usually quite expensive (Kolod-
ner 1993). Because of the cost, the retrieval algorithm
must be directed in some way so that cases with high
potential relevance to the new situation can be selected.
Therefore, the methods of retrieval are often directed
to partition the search space on only a small number of
cases.

To choose the best, or most useful cases, a distance
metric is used in the partial-matching process. Once
PrySiMC has decided to look for a new case, it uses the
distance metric, which pre-defines the distance between
any two different values of the same feature, to find the
case that best matches the current situation.

Algorithm for case retrieval

Load all subject domains S = {S1,52,...,5m}
Fetch the subject domain C of the query case
FOR (each element S; € S) DO

IF (C==8S;) THEN

Load index sets {I,, I,...,I,}

IF (no subject domain C in the case library) THEN

build subject domain in case library

exit
Fetch query case indezx set Q@ = {Q1,Q2,...,Qx}
Load index set X = {X1,X2,...,X&} of D;
distance = Zf distance(Qi, X)
Select case with the smallest distance.

In order to help the student understand character-
istics of the physics problem he tries to solve, the
PrYSIMC system provides a tool to select the prior-
ity of features about the problem. Retrieval algorithm
works according to the priority of features. If solutions
of the previous case are not fitted to the current situa-
tion, the student can change the priority of features to
search for the most familiar case.

3.5 Case Adaptation

Case adaptation is an important issue for case-based
reasoning. In general, previous solutions are rarely ex-
act matches for a new problem. Old solutions usually
need to be adapted in order to fit the new situations. In
the physics domains, there are too many different fea-
tures in every subject to define a good adaptation rule



to control the process of case adaptation. The simula-
tion environment facilitates learning by doing, which is
more effective than being told the result of automation
adaptation. By providing similar cases in PHYSIMC,
the student can adapt the solutions from previous cases
to the current situation. Working out the solutions step
by step will enhance the student’s understanding of the
fundamental concepts about the physics problem.

3.6 Serialization

The PuySmMC system provides a laboratory environ-
ment for the teacher and student to experiment with
physics problems. The user can specify a physics prob-
lem using graphical representation and assign physics
laws to this problem. At the end of a problem solving
episode, there are many active objects in the memory.
The key question is how to store these live objects and
be able to load them back from the hard disk. In order
to allow objects to persist in the hard disk, the serializa-
tion mechanism provided in the Microsoft Foundation
Class Library (MFC) is used in PHYSIMC.

The basic idea of serialization is that an object should
be able to write its current state, usually indicated by
the value of its member variables to some persistent
storage. Later, the object can be re-created by reading,
or de-serializing, the object’s state from the storage.
When an object is serialized, the object itself is respon-
sible for reading and writing its own state. Thus, for
a class to be serializable, it must implement the basic
serialization operations.

4 Using PuHYSmMC

When the PHYSIMC system is started, many tools for
designing and entering a new case into the case li-
brary are available. This section goes through work-
ing with the following physics problem to demonstrate
using these tools.

A small ball s placed on the ground. Given a initial
velocity 50 m/sec in the vertical direction to the ball.
Determine the time it takes for the ball to fall down
and reach the ground.

4.1 Create a New Case

Specify the Physics Problem The teacher chooses
menu command Kinematics under the Subject menu.
The system will pop up a simulation window and the
corresponding object palette. Physical objects can be
placed on arbitrary positions within the simulation win-
dow by clicking the corresponding icons in the palette
and dragging them to the proper positions. A teacher
can also describe the statement of physics problem in
text mode. He can open an authoring window under
the Window menu and directly writes the statement
describing the problem.

In order to solve a physics problem, the teacher needs
to identify a subset of physics laws which are relevant to
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the solution of this problem. The system provides a de-
fault set of equations for each subject. In Figure 4, the
teacher has selected the command Kinematics under
the Law menu. Two equations, for constant accelera-

tion motion and the general equation, are then assigned
to the ball.

Figure 4: Selecting a relevant General Equation from
the mechanics domain

Enter the Case into the Case Library If the
teacher wants to enter the instructional materials de-
scribed above into the case library, he must define the
features of this problem. These features play an im-
portant role that make the process of case retrieval ef-
fective. In Figure 5, the teacher chooses the command
Problem features under the Case menu, and the system
creates a “Features” dialog. The teacher selects. fea-
tures for the physics problem through the dialog box.
In addition to the features provided by the system, the
teacher can also add new features for the specific prob-
lems.

After the teacher makes sure that all work has been
completed correctly, he chooses the command Save case
under the Case menu. The features and representation
of the case are then stored in the case library automat-
ically.

Figure 5: Selecting features for a case

Review and Update Cases in the Case Library
Supposed that the system has collected a large amount
of instructional materials, which may contain errors, in
the case library from many teachers. It is necessary
to have some functionality for reviewing and updating
cases by the teachers. After the teacher selects the com-
mand case of some subject under the Subject menu, the



system will create a window to show the first case in
the case library. The teacher can review the other cases
by clicking the Next and Back buttons. If the teacher
has modified certain cases, choosing the command Up-
date case under the Case menu will update its content.
There is also the functionality of deleting cases when
the teacher decides tc discard bad or useless cases.

4.2 Select a Similar Case

Suppose that PHYSIMC has collected instructional ma-
terials from many teachers which can be arranged into
a complete course. A student can utilize the support of
similar cases in problem solving using the case library
built by the teachers. When the student tries to solve
a new physics problem, he can specify the problem and
assign the necessary features about the new problem.

There are two ways to retrieve similar cases in the
PuySIMC system. One is to select cases automatically
based on the default priority among features. Alterna-
tively, the student can select similar cases according to
his own priority of features.

In Figure 6, the system has retrieved four similar
cases according to the priority of the features and pre-
sented the most similar case in the simulation window.
Then the student can open the physics law dialogs to

Figure 6: Showing the most similar case in the simula-
tion window

derive solutions to fit the current problem from the sim-
ilar case. In Figure 7. the dialogs show the process of
assigning physics laws to solving this problem. Finally,
the student can view the result in simulation.

Figure 7: Computing the displacement

5 Conclusion

The paper has presented a case-based learning tool
in PHYSIMC, a compnter-assisted simulation environ-
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ment. The case-based component was implemented as
an extension to PHYSIM (Hou 1995). In PHYSIMC, a
teacher can construct arbitrary problems and solutions
to be cached into the case library, and a student can
obtain hints for solving a new problem by retrieving
similar problems from the case library. Preliminary ex-
perience with the system shows that CBR can facilitate
learning of problem-solving knowledge.
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