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A computer program that presents and grades physics problems is described. The reliability of the
grading is discussed in the context of diagnostic tests. The concept of computerized testing in
physics is shown to be feasible. It was found that graphics answer representations can be used to
measure student understanding: students with correct graphics answers provide correct
explanations and conversely. The sample problem studied did not produce any false negative
results; the only false positive results were caused by incomplete explanations which are easily

caught by keyword checking.

Tests are used for two purposes: to evaluate a student’s
knowledgé in order to compare it with the student’s previ-
ous knowledge or with the knowledge of other students;
and to evaluate a student’s knowledge in order to diagnose
learning problems or misconceptions. Many teacher-
developed and most standardized tests are short-answer
tests: multiple choice, true-false, matching. These types
predominate because they require the least time and labor
to grade when large numbers of students are involved.
However, a short-answer test is primarily suited for mea-
suring factual recall. When short-answer tests attempt to
measure problem solving skills or process, the severely
constrained answer space both encourages memorization
(of answers or algorithms for obtaining them) and limits the
ability of the test to serve as a diagnostic tool. Furthermore,
students may not acquire nor value skills such as analysis,
synthesis, and evaluation of solutions, since these skills are
not tested.

In physics, the ability to apply knowledge is more im-
portant than the ability to recall knowledge. Consequently,
physics tests emphasize solving problems. Expert problem
solving relies on a deep understanding of phys1cs concepts
and a hierarchical organization of knowledge.! Using tests
to probe student conceptual understanding of physics and
student knowledge organization and providing a diagnostic
capability in tests requires either numerous staff to grade
the tests and perform the diagnosis or technology. We have
developed a computer program which accepts data for a
test problem in the form of text files. Any problem can be
used, as long as its answer can be represented in terms of
requiring the user to move objects on the screen to particu-
lar spots. The program is referred to as a testing engine, in
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analogy with inference engine in expert systems work, to
denote independence of the program from the particular
problems used.

Previous work on using the computer in -physics
courses has focused on the computer as a laboratory and
computational tool? or as a simulator and tutor.’> McDer-
mott and Trowbridge* discuss the com]guter and physics
educatlon research; Bork and Lochhead” and Mestre and
Gerace® discuss its use in problem-solving research.

Although using the computer as a tutor requires as-
sessing understanding, in many cases the assessment is
done using standard (pencil and paper) means. Bork? used a
variation of multiple- ch01ce questions in computer testing.
Chabay and Sherwood’ use manipulation of objects on the
computer screen to assist assessment of understanding in
electricity.

I. DEVELOPMENT OF THE ENGINE

There were three design goals for the project: test problems
should be easy to add, the grade given by the computer
should be correct, and the program should run on any com-
mon classroom computer. The first goal dictated that prob-
lem data be input as text files, requiring no programming
effort on the part of the user. The second goal led to a
decision to avoid input in English and to represent answers
by the manipulation of objects on the computer screen (a
graphics answer representatlon) The thll’d goal led to the
choice of the cT programming language,® which runs on
both Macintosh and PC-compatible computers. This lan-
guage also facilitates input of problem data as text files.
As a preliminary investigation of the feasibility of pre-
senting problems via computer, we chose two problems
where typical answers from students were available in the
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literature, so we could compare the answers students gave
during use of the computer program with those given in
interview situations. The two problems involved the loca-
tion of the image formed by a plane mirror® and analysis of
the motion of a modified Atwood’s machine: a block on a
table connected by a rope over a pulley to a hanging
block.'® The latter problem was animated to show the mo-
tion either in approximately real time or in slow motion.

The problems were administered via computer to vol-
unteers, in-service teachers taking a physics course at
UNCG, with no interviewer present. All interactions be-
tween users and the computer were logged to a data
file. From the preliminary study, we drew the following
conclusions.

(1) Any computerized testing program needs to ensure
the representation of answers used is understood by the
user. Some users had difficulty understanding the top-view
diagrams used for the mirror problems.

(2) Providing feedback in the form of additional infor-
mation about the problem when an answer is incorrect
leads testwise users to change their answers regardless of
their level of understanding. Hence, such feedback should
not be provided.

(3) Tests should not be lengthy. Problems should be
presented individually for best results.

(4) In any animated program, there is a strong “video
game” effect: the user manipulates objects and watches the
animation, but uses guesses rather than analysis to solve the
problem.

(5) It is possible to present valid and reliable prob-
lems, problems which measure the same student abilities as
the written versions and where the computer grade agrees
with that given by a human.

(6) Designing problems for diagnostic testing requires
knowing the misconceptions students have about the prob-
lem. Such problems must be based on research results to be
successful.

. EVALUATING THE ENGINE

The aim is that the testing engine should not only grade
problems reliably, but also discover where and why the
student erred. This aim can be achieved only if problems
can be devised which meet two criteria: (1) the explanation
or solution of the written problem provides information al-
lowing diagnosis of student errors; and (2) answers for the
computer version of the problem can be constructed which
give the same information as do written explanations or
solutions. The engine was evaluated using problems from
the Physics by Inquiry'! materials. These materials contain
very carefully developed diagnostic test problems designed
to probe student understanding and elicit misconceptions
held by the student. Hence, they meet the criterion that the
answers should provide information allowing diagnosis of
student errors.

The problem most cxtenswely investigated, from the
Electric Circuits module,'? asks the student to use a model
of electric current to predict bulb brightness in a dc electric
circuit. Figure 1 shows the written version of the problem.
Students in the course have not yet studied voltage; the
brightness of a bulb is used to indicate qualitatively the
amount of current passing through it. Although this prob-
lem does not appear difficult, many students in calculus-

Experiment 4.8

A. Without setting up the
circuit below, use your model for
electric current to predict how the
brightness of bulb A will compare to
that of bulb B.

How will the brightness of
bulb B compare to that of bulb D?

How will the brightness of
bulb A compare to that of bulb C?

Explain your reasoning.

Yelte

T : O 35 <O

B. Set up the circuit and
observe the actual brightness of the
bulbs. Explain any differences
between your predictions and your
observations.

C. Check your reasoning with
a staff member.

Figure 1. The problem used to evaluate the testing engine. This problem is
taken from the Electric Circuits module of the Physics by Inquiry materi-
als.The test nature of the problem is indicated by part C. Batteries are
assumed to be ideal and bulbs identical throughout the module.

based physics courses cannot provide correct answers to
similar problems.!

Figure 2 shows the first screen of the computer version
of this diagnostic test. The student is asked to predict bulb
brightness by moving appropriate icons to the blanks. The
problem 1s basically multiple-choice; however, 6 p0551ble
icon choices for each of 5 blanks means there are 6° or
7776 possible answers (of which 10 are correct, since we
are interested only in relative order). In addition, the stu-
dent must construct this answer instead of selecting it from
a list.

After predicting brightness, the computer asks the stu-
dent to connect the circuit and change predicted brightness
to match observed brightness if necessary. (The problem is
designed to be used in a laboratory setting.) The student
then types in an explanation of bulb brightness. This not
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Figure 2. The first screen of the computer version of the test problem. The student is asked to rank the brightness order of bulbs A and B, A and C, B and
D, and D and E. Since students have not yet studied voltage, they are unable to provide a ranking for A and D from their model of current.

only provides the student with the beneﬁts of expressing
her understanding in her own words,'* but also provides us
with a way of checking the reliability of the computer’s
grading of the test. (The typed explanation need not be
required once the validity and reliability of the problem are
assured.) All answers are recorded in a student data file for
future reference.

Finally, the student is asked to indicate the relative
magnitude of current at varlous points in the circuit (Fig.
3). For this part, there are 6% or.46 656 possible answers, of
which 4 are correct. Students have not yet used ammeters;
therefore the current meter has been designed to look some-
what like a thermometer, a more familiar measuring instru-
ment to most people. Students have had no difficulty ac-
cepting the instrument drawn as an instrument that
measures current.

The validity of this problem is measured by whether it
elicits the same misconceptions as the original and whether
patterns of wrong answers provide useful diagnoses of stu-
dent difficulties. Students’ typed explanations mdlcate the
problem is valid.

Reliability is measured by whether the computer gives
the same grade as a human. The possible grades for a di-
agnostic test are right or wrong. The computer grade is
based on the manipulation of screen objects; the human
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grade is based on the typed explanation. Reliability was
tested with 54 students (in-service and preservice teachers)
enrolled in physics classes using Physics by Inquiry at The
University of North Carolina at Greensboro, at The Ohio
State University, and at The University of Washington. The
test population was determined by the fact that Physics by
Inquiry materials are used primarily in classes for teachers.
Since even calculus-based physws students find problems
similar to this one difficult,’> we would expect the same
results with them as with our test population.

Results were classified into two types: the computer
and the human judge agreed on the grade (49, or 91% of
cases), and the computer and the human judge disagreed 5,
or 9% of cases). Cases where the computer and human
agreed included 16 students who failed to complete the test
problem, 21 students who got the problem right, and 12
students who got the problem wrong. There were no cases
where the computer thought the answer was wrong and the
human thought the answer was correct (false negative judg-
ments). There were 5 cases where the computer thought the
answer was correct and the human judged the answer was
wrong (false positive judgments). This type of judgment is
particularly dangerous, since the student may proceed with-
out a complete understanding. All 5 cases involved incom-
plete explanations: either the student did not explain the
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Figure 3. The last screen of the computer version of the test problem. The student is asked to rank current values at various points in the circuit. Since they
have observed the brightness of the bulbs in an actual circuit prior to answering this question, they are expected to provide a correct ranking of the currents

through bulbs A and D, as well as the rest of the bulbs and the battery.

brightness of all bulbs in the circuit (1 case) or the student
explained brightness in terms of series and parallel connec-
tions instead of in terms of current and resistance (4 cases).
The latter group of students may not understand the nature
of scientific explanations.!

In these cases, the program gives more information
than the written answer. To test whether the program grad-
ing is reliable requires the student to explain using a model
of electric current. Consequently, we have incorporated a
facility for keyword checking of the verbal explanation.
The keyword checking uses data files containing lists of
key words or phrases. To handle spelling or typographical
errors in a primitive way, wild-card matching is allowed at
the end of a word or phrase: for example, one can state that
any word beginning curr provides a match for the word
current we desire to see in the explanation. In the data file,
the correct combinations of words or phrases that make the
explanation complete are also specified. For example, one
can specify that flow is a synonym for current by allowing
the combination current or flow.

Figure 4 shows the keyword checking on an actual
student explanation. The student has not used the terms
current or resistance. For either type of incomplete expla-
nation, the program provides a message and allows the stu-

dent to edit or alter her explanation. With the keyword
check, the program is 100% reliable for the sample tested.
Of course, the keyword check does not catch complete but
wrong explanations.

We have shown the concept of computerized diagnostic
testing in physics is feasible. We find that graphics answer
representations can be used to measure student understand-
ing: students with correct graphics answers provide correct
explanations and conversely. The sample problem produced
no false negative results; the only false positive results
were caused by incomplete explanations which can easily
be caught by keyword checking.

We are presently adding other problems to provide a
more extensive test of the engine. We note that the validity
of new problems must be assured before measuring reliabil-
ity. In the future we plan to expand the number of types of
answers supported by the engine and to test its reliability
with other groups of students.

We thank L.C. McDermott and the members of the Physics
Education Group at the University of Washington for help-
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Figure 4. Keyword checking for incomplete explanations. The student is informed of what is lacking and given the opportunity to alter or add to her

explanation.
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