~ Ay
+

DOCUMENT RESUME

ED 287 671 SE 048 625

AUTHOR Hurray, Tom; And Others

TITLE Remediating Physics Misconceptions Using an
Analogy-Based Computer Tutor. Draft.

INSTITUTION Massachusetts Univ., Amherst. Dept. of Physics and
Astronomy.

SPONS AGENCY National Science Foundatior, Washington, D.C.

PUB DATE Jul 87

GRANT NSF-MDR-840579

NOTE 50p.; Contains light aiid broken type.

PUB TYPE Reports - Research/Technical (143)

EDRS PRICE MF01/PC02 Plus Postage.

DESCRIPTORS *College Science; *Computer Assisted Instruction;

Concept Formation; Higher Education; Microcomputers;

*Misconceptions; *Physics; *Science Instruction;

Scientific Concepts; Student Evaluation; *Tutoring
IDENTIFIERS *Bridging Analogies; Science Education Research

ABSTRACT

Described is a computer tutor designed to help
students gain a qualitative understanding of important physics
concepts. The tutor simulates a teaching strategy called "bridging
analogies" that previous research has demonstrated to be successful
in one-on-one tutoring and written explanation studies. The strategy
is designed to remedy misconceptions by appealing to existing correct
intuitions, and extending these intuitions by encouraging analogical
thinking. The strategy was motivating and successful for some
learning situations. Analysis of the data indicates those situations
in which the strategy worked well and those where alternatives are
needed. Implications for improving the tutor using artificial
intelligence technc’ogy to incorporate 2 representation of student
beliefs and intelligent sequencing ¢f example presentations are
outlined. (Author/RH)

khkhkkhkhkhkhkhhhhhhhhhhkhhhhhhhhhhhrhkhohhkhkhkhkhhkhkhhkhhkdhhhhkhkhhkhhkhkkhkkkk

* Reprocductions supplied by EDRS are the best that can be made *

* from the original document. *
khkkkhkhkdhkhkhhkhkhkhhhhhhhkhhhkkhkhkhkhkhhhhkhhhkhkhkhkhkhkhkhkhhkhkhkhdthhkhhhhhkhkhhhhhkhkhhhhkhhkkhk

T W o~ TN
PRAS S TS A I

3
)

0

e




i
N~
O
N~
<
(V)
(=)
| X8

A\ {

Ao

*

A\

i)

. Q

“PERMISSION TO REPRODUCE THIS U S, OEPARTMENT OF ED:’GCATION
p 1R ha

MATERIAL HAS BEEN GRANTED BY Otixce of E
/ EDUCATIONAL RE

SOURCES INFORMATION

CENTER (ERIC)

ed as
has been feproduc
he pefson or otqamzahon

[ *ans document
recewed from !
onginating
de to \mprove
hanges$ have been ma
1 Minor chang anty

reproduction Qu

7O THE EDUCATIONAL RESCURCES T ot of omIOnS 18

INFORMAT!ON CENTER (ERIC) " ment do not A

ted n this doCu
ecessanly represent othciat

OERI position of policy

RAR o 66 H
Remediating Physics Misconceptions Using
an Analogy-Based Computer Tutor!

Tom Murray?
Klaus Schultz?
David Brown
John Clement

Coguitive Processes Research Group
Department of Physics and Astronomy

University of Massachusetts
Ambherst, MA

July, 1987

Abstract

We describe a computer tutor designed to help students gain a
qualitative understanding of important physics concepts. The tutor
simulates a teaching strategy called “bridging analogies” that previ-
ous rescarch lias demoastrated to be successful in one-on-one tutoring
and written explanation studics. The strategy is designed to remedy
misconceptions by appealing to existing correct intuitions, and extend-
iag these intuitions by encouraging analogical thinking. Students were
videotaped while using the program acd were encouraged to think
aloud. The strategy was motivating and successful for some learning
situations. Analysis of the data indicates those situations in which the
strategy worked well, and those where alternatives are needed. We
ov 1~ implications for impreving the tutor using artificial intelligence
technology to incorporate a representation of student beliefs and iutel-
ligent sequencing of exumple presentations.

'Reszarch reported in this ~aper was supported in part by the National Science Foun-
dation Grant No. MDR-8470579

?Intelligent Tutoring Systems Group, Department of Computer and Information
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1 Introduction

In this paper we report on a computer simulation of a human tutoring
strategy which previous coguitive studies have shown to be effective in one-
on-one huinan tutoring. The purpose of the research has been to evaluate
the strengths and limitations of an automated version of the strategy, which
we envision as ultimately being one of several strategies employable by an
intelligent computer tutor. First we will place our work in the context of
previous IT'S research efforts.

Using artiliciul intelligence technology to build computer tutors can en-
hance learning in two ways. [irst, expert systems techniques combined
with sophisticated knowledge representation methods facilitate the creation
of learning environments which simulate complex processes or reify abstract
systems und concepts. Second, Al technology facilitates the representation
of human teaching expertise and pedagogical dom«in information. It can
provide personalized feedback and assistance which is strategically relevant
to the discourse context and the topic’s pedagogical idiosyncrasies.

To date, most I'TS research has focused on desiguing semantically rich
learning environments or on the conceptual analysis of topic arees and tasks.
Though these efforts are important, this paper addresses the paucity of
research dealing with the act of tutoring itsell. Though many intelligent
tutoring systems incorporate expertise in teaching, diagnosis, and commu-

nicution, few are explicst about the following: 1. wheat teaching strategics
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are used; 2. assumptions made abour the nature of learning and teaching
which underpin these strategics; and 3. the precise rules or algorithms that
instantiate thesc strategics. Sharing this information is conducive to the
comparative analysis of tutoring system descriptions. It also encourages the
proliferation of rescarch that confirms or extends the findings of research de-
signed to test or evaluate tutoring systems. Notable exceptions to the above
concerns are the research efforts of Anderson ct. al. (81i), who investigates
the learning piocess, Stevens & Collins (¢7), and Littman et. al. (86), who
investigate the tutoring process, and Clancey (82) and Woolf (84), who in-
vestigate how teaching expertise can be explicitly represented in computer
tutors.

As mentioned above, the computer tutor described here has heen de-
signed to simulate a human tutoring strategy. The strategy remedies mis-
conceptions by anpealing to existing correct intuitions, and extending these
intuitions by encouraging analogical thinking. An overview of the strategy
is as follovs. The strategy is invoked when the student is diagnosed to be
ha:boring a misconceptions, as evidenced by giving an incorrect answer to a
target problem. The tutor then attempts to find an “anchor” situation. An
anchor is a simple analogous situation for which the student has a correct
intuition. For the domain we are investigating, an example target problem
is the question of whether a table exerts an upward force on the book that

rests on it. Many students exhibit the misconception that rigid objects can-
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not exert forces. A typical anchoring situation is a book being held in a
hand. Most students will agree that the hand exerts an upward force on
the book. Typically, however, the student does *iot immediately see that
the situations are truly analogous with respect to the questions being asked.
Intermediate anslogous situations, called “bridging analogies” are used to
bridge the gap hetween correct intuitions and misconceptions. For example,
a bridge between the book on the table situation and the book on the hand
situation is a book on a spring. Bridging situations aie presented one at a
time to the student, cliasen according to the student's previous Fesponscs, sy
described later. The student is asked to compare his answers about bridging
situations with selected previous answers. These comparisons encourage the
cognitive conflict that can motivate the student to see the problem situa-
tion as truly analogous to the anchor. The strategy has proven successful in
remediating vhysics misconceptions in recently conducted human tutoring
and written explanation studies.*

The computer “tutor” described here is not an intelligent program.® It is
not intended to be used in a stand-alone fashion to teach. It is an enceding
of a specific teaching strategy which research has shown to be cffective in
certain contexts. The purpose of the rescarch is to eveluate the strengths

and limitations of a computer version of the strategy. For this reason we

“The strategy has also been field tested in high school classes with encouraging results

(Clement 87, and Camp et. al. 87).
But see Scction § for implications for an intelligent version of the stravegy
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have not embellished the program in ways which might make it teach better,
if these embellishments would cloud *he research questions. (However we did
provide the user with features which made the program casy to interact with,
such as graphics and an easy to use menu interface.) Serious investigation of
teaching strategies before incorporating them into sophisticated computer
programs is rare in ITS rescarch. This study serves as a possible model for
such investigations.

Human tutors secem to operate with a battery of tutoring strategies,
many of which are relevant to specific contexts. They do not seem to use
one general set of tutoring ryles. We envision the bridging analogies strategy
as one of many tutoring strategies that an intelligent computer tutor would
have at its disposal, selecting each (or combinations of them) according to
context applicability rules. We sce these strategies as “strong method” so-
lutions to the computer tutoring problum because thejr appropriateness is
context dependent, relying on information about the student, the discourse
state, and the topic characteristjcs. Tutoring guidelines or strategies men-
tioned in previous rescarch are usually *weak methods” in that they are
more generally applicable, but not as powerful as context sensitive strate-
gies. Examples of weak method strategies are: “provide concrete examples
of, as well as descriptions of, concepts” (Burton & Brown 82); “provide im-
mediate feedback for errors’ (Anderson et. al. 84); and “let the student

learn from mistakes” (Brown, Burton, & deKleer, 82).




[deally, the cflectiveness of each of the strategics employable by a com-
puter tutor should be researched. Our view i3 that it is desirable to test such
strategies independently, first off line, and then in a prototype program. In
this way, a great dcal is known about these strategics before a large effort
is expended in building an Intelligent Tutoring System based on them. Of
course, further rescarch is then needed to determine how to integrate several

tutoring strategies into a single system.

Key research questions

At the onset of the research there were several key questions:
» Can the strategy be rcasonably simulated in a computer environment?
e Can the strategy cffectively remediate misconceptions?

¢ Unde: what circumstances (i.c. what types of students, types of do-

mains, discourse situations, etc.) does the strairgy work?
o What aspects of the strategy were most and least effective?
Longer range questions that we are addressing are:

e What other tutoring strategies might be effective where bridging analo-

gies fails?

e Is it possible to determine dynamically during a computer tutoring

session when to use the bridging analogies strategy and when to switch

(53]




to another strategy?

The bridging analogics strategy presents the student with sivuations that
bridge the conceptual gep between simple situations (those for which most
students have correct intuitions) and difficult oncs (those for which mast
students exhibit misconceptions), and encourages analogical thinking in an
attempt to transfer the students’ cerrect intuitions to a broader context.
The strategy is designed to be applicable to topic areas with a qualitative,
conceptual focus, where deep seated misconceptions exist, and where cor-
rect intuitions (anchors) also exist. Basic Newtonian mechanics is one such
domain. Real world experiences result in a wealth of intuitions about how
the physical world works. Some of these are in tccordance with scientific

laws, and others in conflict with ther..

2 Background—Misconceptions in Science

Research studies in recent years have investigated students’ pre-conceptions
about important mathematics and science concepts prior to formal instruc-
tion. A surprising number and variety of misconceptions (incorrect pre-
conceptions) have been uncovered in domains such as electricity, optics,
biology, statistics, and classical mechanics. Often these misconceptions are
decp-scated and counterproductive to problem solvizg in the domain. Such
incorrect beliefs are not limited to non-scicnce students. Serious misconcep-

tions are common among students taking calculus-bused physics courses and
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students who are proficient at quantitative problem solving using formulas.
One implication for instruction is that the existence of these debilitating
beliefs must be dealt with explicitly. They are not simply “crased” when
conflicting and correct knowledge is conveyed to the student. Many of these
misconceptions are commonly held, so that attempts to define and remedy
the most common of them will benefit a large percentage of students. For
instance, in a survey of 112 high school chemistry and biology students who
had not taken physics, Clement (87) found that 76% of the students did not
believe that a table exerts an upward force on (or pushes up on) a book
resting on it {83% of these indicated a high confidence in their incorrect
answer), a belief that is contrary to Ncwton's action-reaction law.
Unfortunately, these misconceptions have proven to be quite resistant
to remediation, at least via traditional instructjonal methods. Several stud-
ies support this finding, the most compreliensive by Halloun and Hestenes
(1988). 'They administered tests of basic concepts in Newtonian mechan-
ics (motion and its causes) to uver 1000 college level introductory physics
students over a three year period. The primary diagnostic instrument con-
sisted of multiple choice questions about very basic concepts, such as: “if
a ball is shot out of a senii-circular tube, what is the shape of its path af-
ter leaving the tube?” (the student was to choose between pictures of five
pat) shapes). Average scores before instruction were “very low,” (about

45%) even for uriversity physics courses where 80% are engineering majors,
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and 8055 have taken calculus. Most importantly, the post-instruction scores
showed little improvement (11 to 15%). This scant gain was remarkably
independent of such variables as instructor, math ability, and final course
grade.

The literature cites several possible sources for students’ misconceptions.
White & i'rederiksen (86) note thiat misconceptions can result when the cog-
nitive jumps required of a student while learning a new domain are too large
or too under-specificd. Learners can then fill in the gaps in unpredictable
and uncortrollable ways. Such beliefs, acquired during instruction, might
be called “mis-comprehensions.”  Similarly, diSessa (1985) discusses how
misconceptions can result when learners try to accommodate to new in-
formation by incorrectly synthesizing existing fragmented and inconsistent
picces of knowledge. VanLehn (83) has constructed a detailed theory of how
procedural knowledge is modified (“repaired”) in an ad-hoc way when an
impasse i3 encountered during problem solving. A similar mechanism may
account for some (non-procedural) misconceptions. Claxt: i (85) points out
that preconceplions can be founded on physical expericnces (“gut science”)
or on social experiences (“lay science”), and that these concepts can con-
flict with the formal and abstract concepts of “school science.” Students
are often perfectly content with or unaware of their conflicting belicfs if the
contexts in which these belicfs are used do not overlap, such as in everyday

life vs. taking exams.
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Many misconceptiuns result from repeated attempts at comprehending
real world phenomena. Some of these beliefs have been used again and azain
to snceessfully cope with or explain real world events. Therefore it is ot
surprising that some misconceptions are deep scated, and that some are quite
common. Some domains, such as physics {McCloskey 83 and McDermott 84)
and stetistics (Tversky & Kahneman 74), are particularly susceptible to the
existence of misconceptions prior to any {ormal instruction. Interestingly,
Clement (1982) has documented reinarkable similarities between students’
misconceptions and pre-Newtonian theories such as those of Galileo. In such
doinains, careful scquenzing and exvlanation of new information is probably

uot suflicicnt, and existing mnisconceptions must be dircctly addressed with

innovative instructionul approaches.

3 Description of the Bridging Analogies Tutor

Clement & Brown (81) have developed a teaching strategy, called “bridging
analogics,” which utilizes correct intuitions (which they call “conceptual an-
chors”) and appeals to students’ analogical reasoning to help them extend
their correct intuitions to tnrget situations for which they have miscon-
ceptions. After the student gives an incorrect analysiz of a situation that
indicates the existence of a common misconception (such as tha! rigid ob-
jects don’t exert forces). she is presented with an analogous anchor situation

(such as a bool: in a hand), which we will assume is indeed an anchor to
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the student.® The student has given contradictory answers for the two sit-
uat.ons. Apparently she does not sce them as analogous in terms of their
relevant properties. The bridging analogies strategy attempts to bring the
student to an understanding cof this analogical relationship by presenting a
sequence of intermediate analogies (called *bridging analogies™). At some
point (or points) the student should be faced with considering two situa-
tions for which she has given contradictory answers yet which she realizey
are analogous. The cognitive conflict which results should motjvate her to
change her mind about the misconceived situation.

The strategy employs Socratic Lype questioning to engage students in
thought experiments.” Decisions of whether to bridge are based on student
responses, so that errors, rather than a pre-defined hicrarchy of prerequi-
site information, provide the catalyst for instiuction. The strategy delays
revealing new information about the subject matter and giving feedback
about the correctness of student responses as long as possible. This encour-
ages the construction of new idens based on information which the student
alrcady has. This pedagogy, if taken to the extreme, is of course limited.

The discourse can stray so far from the goal that consolidation becomes dif-

*In a ciassroom situaticn anchors must be chosen which are expected to be intuitive
to the majority of the class. In onc-on-one tutoring, an anchor can be found with a series

of queationa. In cither case, previous research must establish which situations are useful

anchors for a given domain,
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ficult, and some students become frustrated without a certain frequency of
informative feedback. But withholding feedback can have many advantages
as well. For most students, who are used to memorizir:g correct answers,
immediate feedback can inhibit deeper thought shout conceptual issues. In
instructional dialogues where feedback is withheld there can be more em-
phasis on the quality of the ideas themselves than on getting correct answers
to questions. Students are forced to evaluate their own knowledge and learn-
ing proces:c .. This instructional approach is based on the assumption that
students must be actively engaged in constructing a new conception in or-
der to replace their misconceptions. This research will help determine the
effectiveness and limitations of this pedagogical style.

For computer implementation, the strategy was formulated as & doubly
recursive procedure which traverses a pre-defined network of exanple situ-
ations according to student responses to questions.” The computer version
of the straiegy cannot respond to creative student insights, but it can tailor
its presentation of examples personally for each student. We have used the
program for diffcrent domains, hut below we describe its implernentation in
teaching about the existence of opposing contact forces in static situations.
This is the domain used for the majority of the rescarch, and for which the

most is known.

"In this section we give an operational definition of the procedure. See Appendix A for

3 more precise description of the code implementing the strategy

11
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Figure 3: [Diagrmn of the hridging analogics stratcgy]

bridge (the book on the spring) is (apparently) remedied (see Figure 3), and
the anchor-to- bridge analogy is cstablished.

Once the bridge situation is understocd and the ancior-to-bridge anal-
ogy established, we wish to establish the bridge-to-problem analogy, thus
constructing a path of analogies or conceptual links connecting the anchor
with the problem. The strategy compares the bridge (the book on the spring
in this case) with the problem (the book cn the table) with the hope that
the student will change her mind about the problem. If the student does
o we arc done (or done with the current recursive call of the algorithm).
If the student docs not opt to change her mind about the problem, we are
back in our original condition, having a misconceived situation {the book on
the table) and a correctly conceived one (the book on the spring)-—-which
this time is the bridging situation. The algorithm is called recursively to
establish the bridge-to-problem analogy, beginning by finding a new bridge
(in this case the book on a flexible board) and so on.

One perspective on the strategy is that is keeps splitting the concep-
tual difference between the simplest misunderstood situation and the most
difficuit understood situation. Eventually it provides the student with an
intuitively valid analogical path from the original anchor to the original prob-

lem, such that the gaps between neighboring situations are close cnough for

16




the student to perceive the analogy. Splitting the difference at cach step is
more cflicient than walking the student through every smal'est step of the
entire sct of example situations linking the problem with the anchor. The
dark line in Figure 1 shows one student’s traversal through the network.
Since the strategy is “m*<lle out”, the path shows the order that situations

were understood, rather than the order in which they were introduced.
Hints for example situations
Available for every example situation are:

e a description of the situation

optionally, a “detailed description” (as described below)

e a question with multiple choice answers

¢ a hint or explanation of the correct answer

and, optionally, a pointer to a graphics file for the picture.

The system does not distinguish between hints and explanations. The
ones used in the static forces network varied along a continuum from weak
lints to strong hints to correct answer descriptions. There are two circum-
stances where the hint or correct explanation is given to the student. One
is when the student, after a comparison, opts to change her mind about

an anchor and changes it from right to wrong. At this point we have no

17



more gracelul method for dealing with these “regressions”. They occur very
rarely in our tests so far.

The second condiiion warranting a hint or explanation (i.e. the student
gets immediate feedback after a wrong answer) is when there is no bridge
in the network between the current problem and anchor. The hint is given,
often suggesting that the two situations are analogous, and the student is

asked the problem question again.

Coufidence checking

In order to simpliiy the description of the bridging analogies strategy, we
have thus far neglected an important feature: confidence checking.

A severe drawback to computer tutoring, as compared with human tu-
toring, is i's inability (o ascertain the types of affective information about
the student that are evident to human tutors from facial expressions, vo-
cal inflections, etc. Information about students’ certainty level, confusion,
boredom, excitement, cte., are crucial to cffective human tutors,

Human tutoring studics at the University of Massachusetts have used
“how sure are you” or, alternuloly; “how much sense does the answer make”
scales to gather additional information about the strengths of anchors und
the effectiveness of the bridging strategy in changing students’ beliefs. Ror-
rowing on this i‘dea, the computer tutor asks the student to rate her confj-

dence in her answer on a five point scale after cach question (as shown in

18
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Figure 2). The program combines this information with information about

the correctness of the answers in deciding whether to ask for comparisons,
and whether to bridge (see the section on data structures and algorithm for
details).

As mentioned above, the strategy postpones any type of feedback con-
cerning the correctness of a student's answer as long as possible.!? The
algorithin is sufficiently complex so that the presentation of situations and
comparison questions appear randomn to the user. Depending on the pro-
gram’s internal state in the recursive procedure calls, a new situation or
comparison could be given after cither a right or wrong student response.
Therefore, the student usually does not know why she is presented with a
new example or asked to compare situations. This tends to keep the stu-
dent focused and thinking about the current physics question, rather than
sccond- guessing the tutor’s intentions. The student tends to answer accord-
ing to what she believes, vather than what she thinks the tutor wants her to
believe (as can happen when students have an attitude of getting the most
“points” rather than an interest in thinking and leorning).

Since confidence inforniation is important, the comparigon allows stu-

dents to change their confidence about a previous answer as well as the

'*This strategy is in some aspects extreme. The reader should keep in mind that we

are conducting rescarch on specific strategies in isolation, to rasess their effectiveness in

limited instructional contexts.




answer itself. We have noted in some computer tutoring sessions that ask-
ing students to commit to a confidence rating causes them to put additional

cognitive effort into visualiziug and analyzing the example situations.

Topics

Example situations are grouped into “tepics” corresponding to the physics
concepts to be taught. The topic’s grain size is relatively small, and each
topic has a retwork of examples. The topic for the network shown in this
paper is “cxistence of contact forces in the vertical direction between two
stationary objects.” For each topic area the goal of the tutor is to help the
student understand the qualitative physics of a key “target situation” which
exemplifies an expert application of the concept. If the student answers
incorrectly about a target situation, then the bridging analogics strategy is
invoked. The topics are given in sequence, and if there is any overlap be-
tween example situations in the topic areas, the program takes into account
previous answers about the situations. In this paper we describe results for

only the topic network shown in Figure 1.

Designing the example situation network

The network design cen be described in two ways: in terms of example

difliculty, or in terms of example features. We will discuss each below. It

should Le kept in mind, though, that the final version of the network we




used was influenced by empirical results from human tutoring studies.

Traversal aloug the extremities of the net will touch each example sit-
uation, yiclding a sequence that can be interpreted as, starting with the
original anchor, progressing from easier to harder problems. Each bridge is
intended to split the conceptual distance between two other situations. The
bridging analogies strategy is scen in this light as clliciently scarching the
space of examples using e divide and conquer approach. The sequence of
examples betwcen the current problem and the current anchor js divided at
the bridge specified by the network. The network thus encodes the peda-
gogical knowledge of estimated conceptual distance (as opposed to distance
in a linear sequence of examples, where the third would be Lalf way between
the first and fifth).

A second perspective describing the network involves feature dimensions
of the examples, and is an equally valid description for the book on the table
network we have been using. Research has uncovered several reasons for
students’ beliefs that the table can not pushiup on the book, but a hand can
push up on a book. Each reason involvesan attribute which distinguishes the
two examples. Reasons include: a person is doing something, but the table
is just in the way; a person’s arm can move to adjust to the book’s weight,
but the table cannot; an arm’s purpose is to exert forces, but 2 table’s is not.
Thus the student sces one or several features of objects as being relevant to

their ability to exert forces, all of which are irrelevant from a physicist’s

N}
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standpoint. The network factors out these possible features incrementally
by providing example situations with different sets of relevant and irrelevant

features. For example, the spring can move and is designed to exert a force,

but can not decide on its own to volition to do so.!3

Othler features of the tutor

The tutor is written in PASCAL and runs on an IBM PC. As was mentioned
sbove, the domain specific information and inter-example links can be easily
modificd, or new domaius created from scratch, by straightforward word
processing of text files. However, it is not casy to design cflective net'works of
anchors and bridges. This requires research iterations with human subjects.

Figure 2 shows examples of the graphic picturcs that accompany the
descriptions of the example situntions. Createrd using the PC-Paint (trade-
mark of Mouse Systems) program, their inclusion is optional.

All student input is through menu selections. The use of menu-driven
options, and of multiple choice answers, allows us to bypass difficult prob-
lems of language recognition invelved in interpreting student inpui. Multiple
choice answers can include reasons for the answers and “distractor” items
which catch common wiong answers and misconceptions. Usually, reasons
for a student’s answer arc just as important as the correctness of the answer.

Example situations can have two levels of description associated with

'3Sve the scction on Tmplications for a more formal approach.




them. After being presented with a description of a new situation, the
student is asked if she wants a more detailed description. The detailed
description attempts to address possible areas of confusion which might

arise.

4 Formative Evaluation of the Tutor

The purposes of this phase of evaluation are, as mentioned, to determine
what aspects of the siinulated strategy are effective, and in what instruc-
tional contexts. We are also intercsted in information leading to alternative
computer tutoring strategics to be used where bridging is not effective.
The first working version of the tutor was quite primitive. We were not
sure whether a machine simulation of the human strategy would be so dif-
fercnt as to make previous results concerning the usefulness of the strategy
irrclevant. A pilot study was conducted with an intervicwer showing the
subjects picture cards corresponding to the text on the computer sereen.
Evaluation of the videotaped student interactions confirmed that an auto-
mated version had promise, and we began a second design cycle, which is the
focus of this paper. The pilot study provided information leading to several
modifications to the program. The user interface was revised, the formar
of the comparison question was changed, graphics capabilities were added,
and several nodes were added to the book on the table example network.

To locate subjects suitable for an interview study of the revized tutor, a

23
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pretest was administered to students in scveral university classes. A total of
180 students were given a pretest with four example situations, questions,
and confidence ratings. None of the questions were the same as the oncs
in the tutor’s nctwork. One situation was similar to the original problem,
involving contact forces on a medium sized object resting on an inflexible
object. Anothier was similar to the initial anchor, where one object was
held in a hand. 84 percent of the students answered the suspected anchor
corrcctly, and G8 percent answered the suspected problem incorrectly. 635
percent got hoth the problem wrong and thie anchor right. These figures are
in rough agreement with the tesults of previous studies.

Of the students who took the pretest, 53 percent volunteered to be sub-
jects for a one hour video taped interview study, for which they would be
remuncrated § Jdollars if chosen.'!

Twenty five students were selected for interviews. The scicction of stu-
dents was biased toward those for whom we thought the strategy, and the
network used, were most apprepriate. Those who answered the problem in-
correctly with ligh confidence ond the anchor correctly with high confidence
were given preference. Three of the sessions iavolved pairs of sturdents using
the tutor. There were technical problems {including power outages), and

several students unexpectedly answered the original problem correctly with

H4The distribution of correct answers for the two situations did not differ significantly

between those who volunteered and thoie who didn't.
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high confidence right from the start—in which case the bridging analogics
strategy is not invoked at all (or needed). In the end we had a total of 15

sessions with useful data from the book on the teble network.

Summary of the results

Several types of data were recorded (see Appendix B for a description of how
the data were analyzed). An interviewer, who was present to elicit thought
verbalization and answer student questions about using the program, 15
took notes during the sessions. We have completed a first pass enalysis of
the video taped recordings. Sce Schultz et. al. (87) for a protocol enalysiy
report. The program stores a trace of each session, and this information has

been summarized and analyzed. Following are some observations:

® At the end of the sessions all but one of the 15 subjects had a liigh
confidence in the correct answer to the original problem situation, and
most of their verbal reasons indicated that the correct answer made
Sense to them at an intaitive level. Nine of them started the session
with a high confidence in the wrong answer to the original problen.
(The rest started with a low confidence in the wrong answer to the

original problem.)

The current version of the program is not robust enough to be used without

supervision,
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» Most of the subjects needed to pass through a node which deseribed all

matter as being composed of molecules connected by springy bonds.
Since we designed the network, we have come to categorize this type
of exumple as a “causal model” (Brown & Clement 87), rather than a
bridging analogy. It is not clear whether their misconeeption concern-
ing the book on the table could hiave been remedied for th:se subjeets

without the use of a causal model.

The analogical comparisons alone successfully instigated a change n
belief at some point in the network for 50 percent of the subjects.
This suggests that bridging and snalogical thinking are effective in-
structional strategies for many students at least locally (i.c. if the

analogy is not too distant), but perhaps not when uscd exclusively.

Nine of the subjects needed at least one explanation or hint at some
point in the session. This could indicate that no bridge was available
where the student needed one, or that the bridging analogies strategy
is not powerful enough to be used exciusively in computer tutoring in

these types of domains.

There were only two instances of “regression,” where a student, after a
comparison question, attempted to change her mind about an anchor
fror right to wrong. Also, there was only one case where a student

did not answer correctly about the original anchor with medium or
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high confidence (in which case the program had to explain the answer

to the original anchor). These facts indicate that the anchor used wes

an cffective starting place for remediating the primary misconception.

On the average, 7.5 example situations were nceded to bring the sub-
ject to a successful conclusion of the session. This supports the need
for many nodes iu the networks, and indicates that the original anchor

and problem were indecd “distant” analogies.

Most of the instances of giving explanations or strong hints occurred in
the arca of the molecular model example. This and other observations
from the experiment will provide useful and detailed mformation con-
cerning where students have the least and most difliculty, and where

in the example network more bridges need to be added.

Only one of the 15 subjects spent any time in the arca of the network
between the book on the spring and the book on the hand, suggesting
that the book on the spring would serve cqually well as the original
anchor. (This finding is in agreement with the results of previous

experiments by Clanent and Brown).

Three of the sessivns involved pairs of subjects using the tutor. They
were asked to discuss their beliefs about the questions and come to
an agreement about an answer. These ses¢ions were quite animated.

There was a high degree of motivation, verbalization, and secrious re-
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flection about the problems. Ouly rarely did the interviewer need to
intervene and ask for verbalization of thoughts or reasons for answers.
These interactions are encouraging, and we plan to do further studics

using pairs.

* Students’ comments about tiie program, elicited at the conclusion of
the session, were in general favorable regarding the effectiveness of the

learning expetience and their enjoyment in using the tutor.

Defining instructional contexts

We are starting to ascertain the instructional contexts in which the strategy
is and is not effective. We have noticed four categorics that student behavicr
patterns seem to fall into. The first, for which the strategy is most cffective,
includes students for whom introducing bridges and encournging analogical
comparisons lead to changing belief to a confident correct understanding of
a misconceived situation. They needed few or no hints, and were usually
contfident in both their correct and incorrect answers. The second group
often needed to be given strong hints or explanations of correct answers,
This group is perhaps not proficient at analogical thinking, or was not con-
vinced by the particular example situations which they were given. A third
group is characterized by nct making much progress toward understanding
the target problem (the book on the table) until the causal model was .n-

tro:luced, which then led to a complete reversal in their intuitions regerding
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the target. It is not clear whether thinking about the previously presented
bridging analogies contributed to this change, or whether giving the causal
modecl alone would have been just as effective. The fourth group is char-
acterized by indicating a low confidenve for all answers given (both correct
and incorrect). Our impression of this group is that they were nol men-
tally engaged in the thought experiments about the physics of the example
situations, or had low self esteem.

This grouping is not a partition of the subjects into four distinct groups.
Some students exhibived characteristics of more than one group. e have
done only preliminary work on how a computer tutor could wvse the infor-
mation at its disposal to determine which of these four behavioral contexts
a student i3 in, and what alternate tutoring strategy might be invoked. For
example, a student indicating low coufidence on most of her answers might
occasionally be given positive feedback on correct anchor cases. A student
who is only changing her mind as a result of strong hints might be presented
with a causal model earlicr than she otherwise would. A student for whom
the strategy can. ® find an anchor might be given remedial instruction or a
didactic explanation arguing against the misconception. We expect that the

context and appropriate strategy will fluctuate within a tutoring session.

In summary, there is evidence that the strategy wn-ks effectively for
many students. We are encouraged by the levels of cognitive involvement

in the thought experiments which the subjects exhibited, especially in con-
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trast with the more passive role that students teud to take in traditional

exply ation oriented methody of teaching, or in womputer aided instruc-
tion that provides immediate feedback for wrong answers. The formative
evaluation provided useful information for the improvement of the specific
example network used, for improving the bridging analogies strategy, and

for implementing ulternative tutoring strategics.

5 Implications for a more intelligent tutoring sys-

tem

The current implementation of (he bridging analogics straiegy Las served
well as a research vehicle. Video taped tests showed that in certain situations
the stracegy engages students and brings ebout significant changes in belief.
But the tests also showed that the current implementation is not flexible or
complete enough to nct as a stand-alone tutor {at least in the domain used).
The knowledge representation amd decision control power of Al technology
may provide the leverage needed to design a robust tutor which utilizes
bridging analogies as a central strategy.

The tests indicate that alternative strategics, such as presenting causal
models and giving leadi~g questions, may be necessary as well. Also, with po
model of the student’s beliefs, the program had to Llindly present example

situations until one of the student’s “eritical points™ was reached, !t

**We would like to avoid prescnting superflucus examples to the student. But we cannot
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Below are three recommendations for more intelligent versions of com-

puter tutors that automate the bridging analogies strategy!7:

® As 2 tutoring session progress-s, construct a model of the student’s
beliefs to be used to make tutoring decisions. Data from answers. con-
fidence ratings, reasons for answers, changes of mind, cte. contribute

to the student model.

® Select the appropriate bridge hetween the current problem and anchor
(currently done with a lookup table specified by the instructional d-.
signer) via an intelligent inference mechanism that takes into account
key features of the problem and anchor, and information from the

student model.

* Incorporate alternative tutoring stralegies, such as using causal mod-

els, extrenic cases, counter examples, and leading questions, to Le used

advocate trying to rove directly to crinenl points (assuming for the moment that this
would be possible} because the critical point may represent a cumulative effect fiom severs|

examples,
""I'wo of us (Murray and Sch ultz) arc in the process of re-designing the tutor for an artj-

ficial intelligence workstation using Al programming technologies. The research described
in this paper was conducted under the auspices of the Cognitive Processes Research Group
=* the University of Massachusetts. The re-designed tutor will be written under the aus-
pices of the Intelligent Tutoring Systems Group, {n the UMass Department of Computer

and Informaiion Science.
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in situations where bridging analogies is inappropriate. Invoke these

alternate strategies according to production rules which test state vari-

ables related to the student made} and discourse context.

6 Distinguishing features of this research

As mentioned in the Introduction, our focus on modeling the process of

tutoring (specifically, using Socratic type dialogue and carefully chosen ex-

ample situations) contrasts with many ITS research efforts whicl, focus on

domain task analysis and modeling domein expertise. [t also contrasts with

those projects which focus on designing instructionally effectjve learning en-

vironments or simulations.

Another comparison involves the fact that many existing ITS systems

teach skills. Exumples are: Shute ¥ Ronar (86) and Streibel ot al. (85) (sci-

entific inquiry skills); Brown et. al.’s SOPHIE (82) and Clancey’s CUIDON

(82) (diagnostic skills); and Anderson ct. al.’s LISP tutor (85) (program-

ming skills). Our research js aimed at remediating conceptual dificulties,

as opposed to remediating hugs in factual or procedural knowledge. Other

ITS science efforts are aimed at teaching conceptual knowledge, but they do

80 by leveraging the computer’s unique ability to simulate physical systems.

As mentioncd above, we use a discourse strategy to appeal to the logical

and/or intuitive sensibilitics of the learner., Incorporating semantically rich

learning environments in our system at this point would cloud the research
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questions, but inaximum learning leverage would of course be obtained in
a system using both rich environments and intelligent discourse. Also, we
foresce other “strong method” tutoring strategies being developed to teach
science.  Strategics are needed to teach factual knowledge, problem solv-
ing skills, and scientific inquiry skills, and to guide students’ exploration of
learning environments that provide new types of experiences.

Below we summarize what we helieve are the diztinctive (though not

unicue) features of this research:
1. Relying on previous coguitive studies of a tutoring strategy.

2. Testing the simulated strategy carly on, before large effort is expended

in coding an elaborate tutor.

3. Incorporating multiple evaluation-redesign stages using interviewed

subjects before a final robust system is built.
4. Being ezplicit about the tutoring strategy used.

9. Researching the strengths and limitations of a highly context sensitive

(“strong method™) steaiegy in isofaticn.
6. Focusing on a single strategy which is ultimately intended to be used

in concert with other strategies in an inteligent tutoring system.

7. Focusing on changing students’ intuitive beliefs und teaching qualita-

tive conceptual knowledge, as opposed to teaching or debugging skill
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knowledge.

8. Using of analogies to extend the Jocus of applicability of existing intu-

itions.

Y. Our main instructional leverage corves from computer generated So-
cratic type dialogue, as compared with computer simulation, a3 is

common in other scicnce [TS’s.

10. Focusing research on the process of tutorial interaction, rather than

on task analysis.

7 Conclusions

‘The discouraging results of recent brond-based education studies (The Na-
tional Commission on IExcellence in Education, 1983, and The National
Scicnce Board Cominission on Pre-college Education in Math, Scirnce, and
Technology, 1983) have spurred concerns about the quality of science educa-
tion. Educatioual rescarchers are actively studying the process of learning
science and are searching for innovative instructional approaches. Some of
this rescarch deals with how students’ preconceptions influence their Jearn-
ing. Research has shown that misconceptions in the sciences are widespread,
debilitating, and resistant 1o change. Cognitive studies have categorized
many of these misconceptions and are experimeatiag with technicues for

dealing with them.
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A tutoring strategy found to be useful in remediating physics miscon-

ceptions in written explanation and onc-on-one tutoring studies has been
simulated in a computer tutor, which we call the Lridging analogies tutor.
Preliminary results from a formative evaluetion involving videotaped ses-
sions with the tutor in the domain of Newton's third law are encouraging.
The program engaged subjects in thought experiments at an intuitive level,
and resulted in changes in belief about misconceived problem situations.
The evaluation resulted in many specific implications for computer assisted
instruction in the domain used, and for using the bridging analogies strategy
in general.

Though conclusions about the general effectiveness and applicability of
the bridgirg analogies strategy must be considered cautiously, we believe
that the strategy shows promise for some instructional contexts, and we
plan to coutinue the rescarch. Taking into consideration *he results of the
cvaluation, we have given suggestions for a re-design of the tutor, using arti-
ficial intelligence programming technology, to incorporate student modeling,
intelligent examiple selection, and alternate tutoring strategics.

Further work is nesded to codify human tutoring strategies, test their
cffectiveness in computer learning environments, and determine how to or-
chestrate the different strategies in computer tutoring sessions. We have
relied on previous cognitive studies of misconcepticns and tutoring strate-

gies in to formulate our ideas. This rescarch exemplifics the importance we
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place on such studies in the early stages of des

tutors.
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Figure 4: | An Algorithm for the Bridging Analo gies Stratcgy]

APPENDICES

A Program data structures and algorithm

Domain information is stored in text files, mnaking the program which drives
the tutor independent of domain information. There are three domain files.
The Topic File determines the sequence of topics to be presented (this paper
discusses only one of the topics), and specifies which of the examples in
the topic’s network will serve as the original anchor and original problem
situations. The Network File contains triplets of nnmbers, cach number
representing an example situation node. Each triplet defines a unique bridge
between two other nodes, and defines the network as in Figure 1. The table
thus defined is searched when the program bridges between a problem and
an anchor. “Wild cards” are incorporated, allowing the designer to specify
the use of a certain bridge whenever a specified node is the prcblem (or
anchor), regardless of the anchor (or problem).

The Situation File contains text for the example descriptions, detailed
example descriptions, questions, multiple choice answers, correct answer,
and a lint or explanation for the correct answer. This information is or-
ganized using keywords, and is parsed and loaded into PASCAL record
structurcs when the program is executed. These record structures also keep
track of the student answers and confidence ratings for each node.

The bridging analogies strategy is a doubly recursive algorithm for travers-
ing the network (the network is topologically cquivalent to a binary tree).
The algorithm has been described operationally in Section 3. It appears
in pseudo- code in Figure 4. The code shows what parameters are used to
make decisions in the proredure and where in the procedure the recursion
occurs.

The procedure Teach-Topic is called iteratively for each topic in the
Topic File. The Bridge procedure contains the algorithm for traversing the
network. The program is capable of “finding® the original anchor, but this
capability was switched off (and the originel anchor is given in the Topic
file, as described above) in the test runs we report in this paper. It finds
an original anchar by presenting the student with all the situations linked
to the original ancher in order of increasing simplicity, until the student
answers one correctly with high confidence. For large networks this may
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be more eflicient than assuming that the best original anchor is the very
simplest example.

The algorithm is relatively simple, yet due to its recursive nature, and
the fact that the confidence level is used differently in sections 2 and 3 of the
Bridge procedure, it is quite difficult for a student using it to distinguish a
predictable pattern. The presentation of examples, hints, and comparisons
seems random to one not familiar with the algorithm. Recall that we do not
explicitly tell students whether they are corrcct on any questions, so it is
to great advantage that the student cannot (or rarely has in our tests thus
far) determine the correctness of an answer merely from the type of action
taken by the tutor.
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Figure 5: [Sumplc section of a Trace ﬁlc]

Figure 6: LDiagramutic Representation of the Program Tmccl

B Data Analysis

There were three sources of data: notes taken by the interviewer during
the sessions, a computer trace of the tutor’s actions and user responses,
and videotaped recordings of the sessions. Analysis of the videotapes is
described in Schultz et. al. {87). llere we will outline our method for
analyzing the computer traces. The trace records all important cvents in a
readable form, as in Figure 5. This information was transferred (by hand)
to a diagramatic representation, as in Figure 6.'® Circled nodes are thase
visited. Next to cech circled nede the quelity of the answer (ck or wrong)
and the confidence rating (from 1-blind guess to 5-I'm sure) are recorded.
Single line arrows go from problems or anchors to the next bridge. Doubls
lined arrows go from bridges to problems, and show where the subjects
changed their mind from wrong (or right with low confidence) to correct
{or medium to high confidence) for the problem pointed to. Cirenlar lined
arrows which connect a node with itself represent chianging their mind on
the question most recently asked, or, if an “H> is shown, they were given
a hint and asked the question agein (as would happen if no bridge were
available between two nodes). Not represented in the diagram, but easily
inferred from the information in it, are the places where the tutor asks for
a comparison between the most recently given situation and a previous one.
Recall that after each such comparison the student is asked if she wents to
change her mind on cither or both situations.!?

Data aualysis is greatly enhanced by the diagramatic representation.
The subjects’ path through the example network, their changes of mind,
aund where hints were needed, are highly visible. We can casily see regions of
the net where the subjects needed the most bridges. From this we can infer
which attributes of the original problem contrit:uted to their misconception.

For cuch subject’s network, the following duta were determined: the

!9This figure shows the entire network used. The portinn to the left, between the book
zn the table and a fly on the road, is ignored in other parts of the paper for simplicity.
"®With scime programming effort (most of it for graphics) the conversion from trace to

diagram could be automated, but we chose not to do so.
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number of nodes visited, the number of hints given, the number of changes
in mind, the total change in the original problem from the beginning to the
end of the session, the “critical® changes in mind (defined below), and the
“focal regions” {dcfined below). A summary of this information is given in
the Results soction of this paper.

The network was divided intc four “focal regions,” each addressing a
different key attribute of the target problem. The “focal regions” data
specifies in which regions the subject visited tws or more nodes.

“Critical® changes give a more reasonable estimate of the student's think-
ing than the total changes of r.ind, and are defined as follows. Often, one
realization on the part of the subject leads to changes of mind for several
situntions. For examiple, a student who is being shown a hand on a table
situation (node 10) is four recursive levels deep in the algorithm, heving
answered incorrectly questions sbout a book on a table, a book on a flexible
board, and many books on a flexible board. Considering the hand on the
board may be a critical analogy for this student. After answering it cor-
rectly he may realize that several of his previous ansers should be changed.
As the recuisive algorithm unwinds (sce Figure 4), he would be given three
comparison questions in a row, and opt to chenge his previous answer for
cach of these to correct with high confidence. When the subject ¢hanges his
mind ia a “chain” like this, all changes can be the result of a single change
in belief. “Critical changes” are the first changes in any chains of two of
more changes, plus all the changes that are not in a chain.
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biagite a medium sice teatbouk resting on o

diming room table.

While the buok is resung there the table: |
A. IS excrting a force up on the book |
’ B 1S NQT exerting a force up on the book

Please rate your confidence in this answer:
‘blind guess® ‘not very conf’ *somewhat conf*
*fairly conf® *I''m sure”

Linagiie that you are holding a textbuok s your
hand.

While the book is resting there your hand:
AL LS excrting a furce up on the book
B. 1S NO'I' excrting a furce up on the book

FEXES

. agein give an apswer and confidence ***)

For *a buok in yuur hausd," you said:
your haund 1S exerting a furce up on *he bouk
{with high confidence).

But for “the buok on the table,” you said.
the table IS NO'T exerting a farce up on the bouk
(with fair confidence).

Eaplain why these answers are ditferent.

*** Do you want tu change your mind on either or

both of thew? **°

Figure 2: A sample dizlogue showing the original prublem and anchor
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The Bridging Analogies Strategy
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Procedure Teach-Topic (original-probles, original-a-chor)
Describe-and-question(original-probi-n)
Describe-and-question(original-anchor)
Conpare-and-allow-changc(orlginal-problen. original-anchor)

IF anchor wrong or confidence<3
THEN Hint(original-anchor)

IF problem 1s right with confidence>2
THEN RETURN {no misconception}
ELSE Bridge(original-problem, original-anchor)
Procedure Bridge (problem, anchor)

{The anchor vas previously answered correctly with
confidence >2 and the problea was previously answered
incorrectly or with confidence <3 }

{1. find the bridge}

Find-a-bridge-between(problex, anchor)
IF no bridge exists
THEH Hint(problem) AKD RETURXN
Describe-and-Question(bridgs)
{2. establich bridge-to-anchor analogy:}

IF bridge wrong or confidence<4
THEN Compare-and-allow-change(bridge, anchor)

IF anchor changed to wrong or confidence<3
THEN Hint (anchor)

IF bridge wrong or confidence<3
THEN bridge(bridge, anchor) {first recursive call)}

(3. cstablish problen~to-bridge analogy:)}

(conte)
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Conpare-and-allow-change(problen, bridge)

IF problem is wroeg or confidence<3
THEH bridge(prodlen, bridge) {second recursive call}

{4. At this point the problex should have been answered correctly)

KETURN

Procedure Eiat (an-example)

{iteratively gives the hint and re-asks the example’s
question until the student answers correctly, or wntil
given three hints in a row, in whichk case the student
18 told exactly what to enter as the answer(1)}

(Hote: Confidence ratings from 1 to 6 are for ‘blind guess'
to ‘I'm sure’ as in Figure 2.)
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Figure 5: Sample secticn of & trace file

START SESSION:

program version: 11/18/86.1
Name: Willard 0. Oz
Seasion ID: 292

Topic: BOOKTABLE
0-prob, 0-anch, 0-sub: 13 2 8

ASK 1 book on the table
Response: B (not OK) Confidence: 5

ASK 2 maeny books in hand
Responae: A (0K} Confidence: 5

"ARIDGE: P 1 A 2 8 3 11:50:35
ASK 3 one book in hand

Reaponse: A (0K) Confidence: 5
COHPARISON: 2 and 1; no change
*BRIDGE: P A B 11:50:47

ASK 4 book on spring

Responge: b (Not OK) Confidence: 3
Comparison: 4 and 3; no change
*BRIDGE: P 4 A 3 B S 11:51:17

ASK S5 hand on book on spring
Response: A (0K) Confidence: 2

Comparison: S5 and 3; change 5

ASK 5 hand on book on 8, "ing
Response: A (0K) Confidence: 4

Comparimon: S and 4; change 4

ASK 4 book on apring
Response: A (OK) Confidence: 4

Comparigon: 4 and 1; no change
*BRIDGE: P 1 A 4 B 8 11:53:03

ASK 8 book on board
Response: A (0OK) Confidence: 4
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Figure 6 Diagramstic representation of the progran trace

A

“\~confidence rating (1 to 5)

ansver quality

—-——-* to next bridge

changed wmind from vrong to right

\ g_// changed mind on quertions just ssked
@ /hint given




