
PHYSICS EDUCATION RESEARCH SECTION

Edward F. Redish,Editor
Department of Physics, University of Maryland, College Park, Maryland 20742

This section of AJP includes physics education research~PER! articles. It continues the editorial
process that begun with the green PER Supplementary Issues to AJP published in July of 1999–2001. The
PER section~PERS! is a response to the tension between the long-standing policy of AJP not to publish
research articles and the growing interest within the AAPT community in PER. Articles in the regular
section focus on the physics that students have difficulty understanding and on pedagogical strategies for
helping them learn. Articles in PERS are expected to focus on these issues as well, but to pay more
attention to questions of how we know and why we believe what we think we know about student
learning. Articles in PERS can be expected to address a wide range of topics from theoretical frameworks
for analyzing student thinking, to developments of research instruments for the assessment of the effec-
tiveness of instruction, to the development and comparison of different teaching methods. Manuscripts
submitted for publication in the PER section should be sent directly to Edward F. Redish,PER Section
Editor. For more information, see http://www.physics.umd.edu/perg/pers/.
Probing physics students’ conceptual knowledge structures
through term association

Ian D. Beattya) and William J. Gerace
Physics Department and Scientific Reasoning Research Institute, University of Massachusetts, Amherst,
Massachusetts 01003-4525

~Received 6 October 2000; accepted 3 December 2001!

Traditional tests are not effective tools for diagnosing the content and structure of students’
knowledge of physics. As a possible alternative, a set of term-association tasks~theConMaptasks!
was developed to probe the interconnections within students’ store of conceptual knowledge. The
tasks have students respond spontaneously to a term or problem or topic area with a sequence of
associated terms; the response terms and time-of-entry data are captured. The tasks were tried on
introductory physics students, and preliminary investigations show that the tasks are capable of
eliciting information about the stucture of their knowledge. Specifically, data gathered through the
tasks is similar to that produced by a hand-drawn concept map task, has measures that correlate with
in-class exam performance, and is sensitive to learning produced by topic coverage in class.
Although the results are preliminary and only suggestive, the tasks warrant further study as
student-knowledge assessment instruments and sources of experimental data for cognitive modeling
efforts. © 2002 American Association of Physics Teachers.
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I. INTRODUCTION

A. Motivation

There is a growing consensus among educational resea
ers that traditional problem-based assessments are not
able tools for diagnosing students’ knowledge and for gu
ing pedagogical intervention, and that new tools grounde
the results of cognitive science research are needed. If
wishes to assess a student’s state of knowledge, rather
merely summarize the parts of the assessment in which
student did and did not succeed, one needs a model of w
a knowledge state is and how it is probed by the assessm
An effective diagnostic assessment must describe a stu
with reference to some suitably detailed model of phys
knowing, learning, and application.

No sufficiently specific model of knowledge structurin
and accessing yet exists to serve as a basis for detailed
nostic assessment of conceptual understanding; it has
said that ‘‘knowledge representation is one of the thorn
issues in cognitive science.’’1 Nevertheless, physics educ
tion research~PER! has provided general qualitative descri
750 Am. J. Phys.70 ~7!, July 2002 http://ojps.aip.org/aj
ch-
eli-
-
in
ne
an

he
at
nt.
nt

s

ag-
en
t

tions of knowledge structuring in physics that can help dir
the search for new assessment approaches. Cognitive s
tists distinguish between two fundamental kinds of know
edge: declarative and procedural knowledge.1 In essence,
declarative knowledge is explicit knowledge of facts, whi
can be stated or reported, andproceduralknowledge is tacit
knowledge of how to perform operations, which can be de
onstrated but not stated. PER studies on physics experts
novices’ problem-solving behavior suggest that at le
within the domain of physics, declarative knowledge can
divided into four general, approximate categories:2–6 concep-
tual knowledge, operational and proceduralknowledge,
problem-stateknowledge, andstrategicknowledge.~The op-
erational and procedural category refers to declara
knowledge about physics operations and procedures, as
tinct from automated, nondeclarative procedural knowled
The choice of terminology is unfortunate, especially beca
many operational skills have both declarative and proced
components.!

Further studies demonstrate that experts and novices
distinguished not just by the content of their knowled
750p/ © 2002 American Association of Physics Teachers
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stores, but by their organization:7 experts have contextuall
appropriateaccessto and not just possession of knowledge8

it is the structure of interconnectionsbetween knowledge
elements that allows such access;9 and experts’ knowledge is
structured around keyprinciples.10 These findings sugges
that for purposes of assessing students’ degree of expe
with respect to a physics topic, a need exists for tools t
can probe students’ declarative knowledge in terms of
knowledge elements present and especially thestructure of
interconnectionsbetween those elements: theconceptual
knowledge structure.

B. Previous approaches to assessing conceptual
knowledge structure

One device that has been developed for probing a
dent’s conceptual knowledge structure is theconcept
map.11,12 In a typical concept map assessment, a studen
asked to draw a nodes-and-links representation of his un
standing of a domain topic area. The resulting map is ta
as a description, perhaps partial, of the student’s declara
knowledge structure for the topic. Many variants have be
proposed: sometimes the subject is asked to draw the e
map without assistance, with labeled or unlabeled lin
sometimes he is given a set of terms to arrange into a m
sometimes a partial map is provided, and he is asked to fi
the remainder; and sometimes a complete map without
labels is given and the student is asked to label all lin
Scoring systems also vary widely, with credit given for t
number of nodes, the number of links, the number of no
or links deemed relevant, the degree of similarity to a re
ence map, or some combination of these possibilities.

Concept maps have proven useful for educational
search. Empirical evidence is mixed on the extent to wh
concept map-based measures of student knowledge corr
with other indicators such as standardized exam per
mance, perhaps due to the plethora of task formats and s
ing systems investigated.12–14 It is clear, however, that suc
assessments tend to be tedious and time-consuming to
minister and to score and analyze, rendering them po
suited for mass adoption by educators.12,15 Some researcher
have implemented concept map assessments by com
and automated the scoring procedures,16 but so far no widely
adopted assessment tools have resulted, perhaps beca
doubts about the scoring protocols chosen.

Whether or not students are capable of drawing a con
map that accurately describes their actual knowledge st
tures is open to significant doubt. One reason for doubt is
observation that drawing a concept map is a time-consum
and attention-intensive activity, and a student is unlikely
be able to draw a map of any completeness for more tha
very small set of concepts. In an attempt to probe stude
domain knowledge more thoroughly and to capture inform
tion about the relative strengths of interconcept links as w
as the presence or absence of such links, inferred approa
to declarative knowledge assessment have been develo
One is theitem relatedness judgmenttask,17,18 in which a
student is presented with all possible pairings from a list
terms, one pairing at a time, and asked to rate the related
of each pair on a numerical scale. The result is aproximity
matrix capturing information about the student’s knowled
structure; the matrix is then analyzed in an attempt to rev
that structure, perhaps via a scaling procedure likecluster
analysisor multidimensional scaling,19,20 or perhaps via a
network-construction algorithm likePathfinder.17–19,21
751 Am. J. Phys., Vol. 70, No. 7, July 2002
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Overall, investigations into the validity of such inferre
approaches to declarative knowledge structure assess
have been generally positive: measures comparing the s
larity of students’ derived structures~networks or scaling
procedure results! to experts’ referent structures correla
significantly, though not completely, with more tradition
measures of domain mastery.17,18,21Unfortunately, item relat-
edness judgment tasks must either confine themselve
small sets of terms or take an impracticably long time
administer, because the time required scales as the squa
the number of terms included.

In addition, it is not obvious that a student’s reflected jud
ment on two terms relatedness necessarily corresponds t
implicit knowledge structure as it affects knowledge applic
tion. One possible reason is that such assessments imp
set of terms on the student, rather than drawing out the
that the student has unprompted access to~as some versions
of the concept map approach can! similar to testing some-
one’spassive vocabularyrather than heractive vocabularyin
a language. Another is that the student may be able to ap
ciate that two given terms are related, if asked, but not h
the relation come to mind when needed for use in a proble
solving context.

C. ConMap

As a step toward the development of practical tools
assessing physics students’ conceptual declarative kn
edge structuring, we have developed a set of brief compu
administered tasks for eliciting conceptual association22

The tasks are collectively referred to asConMap~‘‘concep-
tual mapping’’! tasks. The basic approach of the tasks is
elicit spontaneous term associations from subjects by
senting them with a prompt term, or problem, or topic ar
and having them type a set of response terms. Each resp
is recorded along with the time spent thinking of and typi
it, in an attempt to capture the flow of concepts triggered
each subject’s mind. The specific tasks and their adminis
tion will be described in more detail below.~The traditional
hand-drawn concept map task, which we use for comparis
is not a ConMap task.!

To investigate the information that the ConMap tas
might reveal about students’ knowledge structuring, seve
studies were conducted between 1997 and 1999 with s
jects from various introductory physics courses taught at
University of Massachusetts. Many different aspects of
data were analyzed, including extensive statistical treatm
of the timing data associated with each term response
This paper will consider results primarily from one particul
study, and present selected analysis of the term lists with
reference to the accompanying timing data. For detailed
scriptions of all studies and thorough presentation and
cussion of all analysis see Refs. 22 and 24.

The purpose of this paper isnot to display the ConMap
tasks as finished practical assessment tools, but rather

~1! to introduce the tasks as suggestions for a style of ass
ment that might eventually be useful and complem
existing assessment approaches;

~2! to present evidence that the various tasks are, at lea
some degree, sensitive to the aspects of knowledge
learning that we wish to probe; and

~3! to share some intriguing phenomena exhibited by
task results.
751I. D. Beatty and W. J. Gerace
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II. THE STUDY

A. The ConMap tasks

Several brief, computer-administered tasks were de
oped to elicit spontaneous conceptual associations. To p
the conceptual portion of declarative knowledge, most of
ConMap tasks attempt to elicit a subject’s associations
tweenterms. The focus is on terms rather than on equatio
propositions, or other kinds of entities because terms see
be the closest accessible approximation to conceptual b
ing blocks. This paper is not concerned with the underly
cognitive nature of such building blocks, or with the neur
logical details of their representation, storage, and retriev

It has proven difficult to rigorously defineterm. When
instructing subjects, a term was loosely defined to be on
perhaps two or three words describing one concept, idea
thing. Some examples of terms drawn from introductory m
chanics are ‘‘kinematics,’’ ‘‘Newton’s first law,’’ ‘‘pulley,’’
and ‘‘problem solving.’’ Statements like ‘‘energy is con
served in an elastic collision’’ were not considered to
terms, but rather propositions involving multiple terms a
their relationship. ‘‘Conservation of energy,’’ on the oth
hand, would be accepted as a term because it serves
name for a physics concept. In practice, the distinction
tween single-concept terms and compound statements o
lationship is not sharp, and subjects frequently wandered
mayingly far over it.

Knowledge is context-dependent, in the sense that
knowledge accessible to a student depends on the stud
current cognitive context. Has the student been asked a q
tion about work? Is she thinking about a problem involvi
an inclined plane? Is he reviewing his physics course to d
perhaps chronologically? Therefore, several different C
Map tasks have been developed, each intended to spec
context for the subject in a different manner and theref
probe a somewhat different aspect of the subject’s kno
edge store.

One task was theTerm Prompted Term Entry~TPTE! task,
in which subjects were given a prompt term from the phys
domain. They were asked to think of terms they consi
related to this prompt term, rapidly, spontaneously, and w
out strategy, and to type these terms into a dialog box~Fig. 1!
as the terms came to mind. The prompt term stayed vis
throughout, and typed terms disappeared from view as t
were entered. Data gathered for each subject consists o
response terms, together with the time at which typing be
for each response~the moment at which the first charact
was typed into an empty field!, and the time at which eac
response was completed~the moment at which the return ke
was pressed!.

For a given prompt term, the task was terminated after
terms were entered, or the first time the subject paused
an empty response box for more than 10 seconds~if at least

Fig. 1. Dialog box forTerm Promoted Term Entry~TPTE! task.
752 Am. J. Phys., Vol. 70, No. 7, July 2002
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three terms had been entered at that time!. The process was
repeated for several different prompt terms. This task w
intended to probe, as directly and free of context as poss
the immediate conceptual neighborhood of specific conce

A second task investigated was theProblem Prompted
Term Entry~PPTE! task. This task was identical to the TPT
task in all respects, except that the prompt was a phy
problem or problem situation rather than a term. Subje
were instructed by the computer when to turn the page
ring binder, revealing the new prompt problem. They th
read the problem on paper and began entering responses
a dialog box~like the TPTE dialog in Fig. 1, but without the
prompt term!. This task was intended to explore the conce
tual associations available to the subject in the context o
specific physics problem.

A third task investigated was theFree Term Entry~FTE!
task. For this, subjects were prompted with a general to
area like ‘‘introductory mechanics’’ or ‘‘the material covere
in your physics course this semester,’’ and asked to e
terms spontaneously, as they came to mind, for the dura
of the task~typically 20 to 45 minutes!. Subjects were spe
cifically directed to enter as many terms as possible fr
within the specified topic area, and to persevere to the en
the task. The task differed from true free association in t
subjects were instructed to refrain from entering terms o
side the designated topic area, and to avoid entering
given term more than once if possible. This task was
tended to broadly survey a subject’s structuring of a conc
tual domain or topic area, with no detailed context~such as a
problem to be solved! to shape or filter the subject’s perce
tion of the topic.

In addition, a traditional paper-and-pencilHand Drawn
Concept Map~HDCM! task was included in the study, fo
comparison with the other tasks. Subjects were given
prompt term like ‘‘energy’’ and instructed to draw a conce
map around that term. Subjects were free to select their o
terms, links between nodes were not to be labeled, and
map structure need not be hierarchical. Subjects were to
tinue elaborating their map for the duration of the task~typi-
cally 10 or 12 minutes!.

Ultimately, a combination of these and perhaps other ta
might make it possible to construct a reasonable represe
tion of a physics student’s conceptual knowledge structu
including information about how access to that knowled
store is limited and constrained by context. This paper, ho
ever, is merely concerned with establishing whether the ta
are capable of probing knowledge structure at all.

B. Study design

During the spring semester of 1999, volunteers were
licited from the Physics 151 course~introductory mechanics
for science and engineering majors! at the University of
Massachusetts at Amherst, shortly after the first of fo
course exams. Financial compensation was offered. Six
subjects were chosen from the volunteer pool, represen
both genders and a range of exam 1 scores from C to A.
subjects were native English speakers.

Each subject participated in nine 15-minute sessions
one final 90-minute session, scheduled weekly for the
mainder of the semester. Sessions were run under contro
conditions and monitored. One or two tasks were conduc
during each 15-minute session, and four tasks, a group in
view, and profile questionnaire were given during the 9
minute final session. The TPTE task was given during ei
752I. D. Beatty and W. J. Gerace
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of the sessions, with a total of 52 prompts~28 unique, most
repeated twice during the study!. The PPTE task was give
during seven of the 10 sessions, with a total of 40 prom
problems ~30 unique!; five of the prompt problems wer
problem situations with no associated question. The HDC
task was given during four sessions, with three uniq
prompt terms.

III. ANALYSIS

For each prompt term of each TPTE and PPTE task,
data obtained consisted of a list of response terms~no more
than 10! and associated timing information. Analysis of th
timing data will not be discussed in this paper. For ea
HDCM task, the drawn map was the only source of da
Every term appearing on a map was classified accordin
its level, indicating how far removed it was topologicall
from the map’s prompt term. For example, a term direc
linked to the prompt term was classified as level 1, while
term directly connected to a level 1 term but not to t
prompt term was classified as level 2.

The following sections present results from some spec
analyses performed on the study data.

A. TPTE versus HDCM

This section compares subjects’ hand-drawn concept m
~HDCM! to their term-prompted term entry~TPTE! response
term lists for identical prompts. During session B of t
study, a TPTE task was given in which force was one of
prompt terms presented, and a HDCM task was given w
force as the prompt term. Similarly, session H includ
TPTE and HDCM tasks with the prompt ‘‘momentum,’’ an
session J included TPTE and HDCM tasks with the prom
‘‘force.’’ Session G included a HDCM task with the promp
‘‘energy;’’ although that session did not include a TPTE ta
energy was used as a TPTE prompt during session J. T
there were three occasions on which a prompt term was u
for both a TPTE and HDCM task during the same sess
and one on which the TPTE and HDCM tasks were separ
by three weeks.

In all sessions that included a HDCM task, that task w
placed at the end of the session, after all term-entry s
tasks. This was done because the term-entry tasks ar
design rapid and spontaneous, relying on impulsive asso
tions, while the drawing of a concept map by hand is a mu
slower, more contemplative and reflective task. It theref
seemed likely that the term-entry tasks would be more s
ceptible to pollution from prior tasks: even if previously us
term-entry responses occurred to students during cons
tion of a concept map, they had the time and freedom
ponder whether those terms belonged in the map. No em
cal data was obtained on how the relative ordering and t
poral separation of the TPTE and HDCM tasks impacts
responses. Extensive investigation of this impact is clea
important before any practical assessments are attempte

For each of these four pairings, each of the 16 subje
HDCM maps was compared to his or her TPTE response
resulting in 64 map/list comparisons. For each map/list co
parison, each term in the TPTE response list was matc
with an HDCM node containing an equivalent term, if o
existed, and the level of that node was noted. If the TP
response list contained duplicate terms, repeats were igno
Because subjects were free to choose their own phrasing
spelling, inexact matches were common, so a TPTE resp
term was defined to match a map node term if their mean
753 Am. J. Phys., Vol. 70, No. 7, July 2002
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were equivalent whether or not the terms were identical.
example, ‘‘gravity’’ and ‘‘gravitation’’ were considered
matches, as were ‘‘FN’’ and ‘‘normal.’’ Contextual clues
from adjacent nodes were sometimes used to aid in iden
ing the intended meaning of map terms. On occasion
TPTE response term did not appear by itself as a map n
but did appear as part of a compound term in a map node
example, ‘‘acceleration’’ might appear in the TPTE respon
list and not on the HDCM map, but ‘‘mass3acceleration’’
might appear on the map. In such cases, the term
counted as appearing on the map, with the level of the co
pound term containing it.

For each map/list pair, the fraction of level 1 map term
that appeared in the corresponding TPTE response list
calculated. The mean and standard deviation of this frac
across study subjects are displayed in Table I. On aver
slightly more than half of the terms from each subject’s fir
level map nodes also appear in the subject’s correspon
TPTE response list. This overlap value was atypically lo
for a few map/list pairings; when such pairings were
spected in detail, it was often found that the subject h
categorized several of the terms from the TPTE response
and used that category as a first-level node on the HDC
causing the terms themselves to appear at the second l
For example, a subject might have listed several kinds
forces as TPTE responses to the prompt force, but m
have categorized kinds of forces into contact and at a
tance on the HDCM, with the two category names direc
linked to the central force node and the specific forces c
nected at level two.

For each map/list pair, the fraction of TPTE respon
terms not appearing anywhere on the map was calcula
Between 0% and 35% of a subject’s TPTE response te
are typically absent from his corresponding HDCM. Table
displays the mean and standard deviation of this fract
across study subjects.

Despite the fact that the HDCM is a considered, reflect
task and the TPTE is a spontaneous, impulsive one, TP

Table I. Mean and standard deviation across study subjects for the fra
of level 1 HCDM terms appearing in the corresponding TPTE response
for each of the four HDCM/TPTE sets.

Comparison Mean
Standard
deviation

B-HDCM vs B-TPTE~‘‘force’’ ! 0.54 0.22
G-HDCM vs J-TPTE~‘‘energy’’ ! 0.61 0.19
H-HDCM vs H-TPTE~‘‘momentum’’! 0.64 0.18
J-HDCM vs J-TPTE~‘‘force’’ ! 0.47 0.18
All 4 combined 0.57 0.20

Table II. Mean and standard deviation across study subjects of the fra
TPTE response terms not appearing on the corresponding HDCM, for
of the four HDCM/TPTE sets.

Comparison Mean
Standard
deviation

B-HDCM vs B-TPTE~‘‘force’’ ! 0.19 0.20
G-HDCM vs J-TPTE~‘‘energy’’ ! 0.13 0.13
H-HDCM vs H-TPTE~‘‘momentum’’! 0.13 0.14
J-HDCM vs J-TPTE~‘‘force’’ ! 0.28 0.12
All 4 combined 0.18 0.16
753I. D. Beatty and W. J. Gerace
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data sets seem to provide a subset of the information
vided by a HDCM. Specifically, a subject’s TPTE respon
list typically contains slightly more than half of the first-lev
terms appearing in the corresponding HDCM, and few of
TPTE responses are entirely absent from the HDCM. T
TPTE thus seems useful for probing the core structure o
subject’s conceptual knowledge store, while the HDC
gathers more widespread structural information.

B. TPTE response scoring

In a preliminary attempt to investigate whether the TP
task could serve as a useful student assessment tool, a
cedure was developed for assigning a score to a subj
TPTE response list based on the quality of the respo
terms entered as judged by domain experts. The resulting
of scores was compared against subjects’ performance
their in-class exams. Scoring of lists was carried out for o
one prompt term, ‘‘force,’’ which was used as a TPT
prompt during sessions B, C, and J of the study.

A panel of five physics experts~four physics professors
and one advanced graduate student! was formed. Four of the
five had detailed knowledge of the ongoing ConMap
search project, so the panel cannot be considered repres
tive of any general population of physics experts. To fam
iarize the expert panelists with the TPTE task and to acq
some data for later comparisons, the experts were all
signed a 16-prompt TPTE session which included the pro
‘‘force.’’

A master list was constructed which consisted of ev
response term given by every study subject to the TP
prompt ‘‘force’’ in each of the three sessions in which it w
presented, and also every response term given by each o
five expert panelists to the prompt ‘‘force.’’ Terms that we
only trivially different representations of the same conc
~for example, ‘‘conservation of energy’’ and ‘‘energy conse
vation’’! were mapped to one standard version, resulting
set of 80 terms. This set was alphabetized and presente
each of the expert panelists. The experts were instructe
rate the quality of each term as a TPTE response to
prompt ‘‘force,’’ and assign to it a 2, 1, or 0, according to t
following scale:

2: Good/valuable/important. This student knows his/h
stuff.

1: Has some merit. Not an unreasonable response.
0: Irrelevant, worthless. Reveals no nontrivial knowledg

The five experts’ ratings were averaged for each respo
term, resulting in a quality value between 0 and 2 for th
term relative to the prompt term.

The score for a subject’s response list was defined to
the sum of the quality values for each term in that list; a
score can therefore range from 0 to 20. Such a score
calculated for each of the subjects’ response lists to
prompt ‘‘force’’ in each of the three sessions. The resulti
set of 48 scores~three each for 16 subjects! ranged from 4.2
to 15.2, with a mean of 11.8 and a standard deviation of
For each subject, a mean score for the prompt was calcul
by averaging her scores for each of the three sessions
sponse lists. The resulting set of 16 mean scores ranged
8.0 to 14.5, with a mean of 11.8 and a standard deviation
2.0.

A scatterplot of each subject’s mean response list scor
‘‘force’’ versus the sum of his raw scores on the four cou
754 Am. J. Phys., Vol. 70, No. 7, July 2002
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exams, a crude measure of overall subject expertise
shown in Fig. 2. Pearson’sr -value coefficient of correlation
was 0.608, where 0.13 is the threshold for statistical sign
cance with 16 data points.~The coefficient of correlation is
defined to be statistically significant if it implies that th
relative error in the slope of the best-fit line is less th
1/3.23! This result suggests that the TPTE response list sc
calculated according to the above procedure correlate w
subject expertise as measured by exam scores. A diffe
scoring rubric might of course produce a stronger corre
tion, as might comparing TPTE scores to a more targe
measure of exam performance based only on force-rel
questions. These hypotheses have not been tested, bu
simple rubric and comparison performed suffices to dem
strate the existence of a correlation.

C. PPTE response to course coverage

Two Problem-Prompted Term Entry~PPTE! prompt prob-
lems were given during three different sessions of the stu
and four others were given during two different sessions
an attempt to determine whether subjects’ PPTE respo
were impacted by their learning of the subject material d
ing the associated physics course, their responses from
ferent sessions for the same prompt problem were compa
The notation ‘‘problem D6’’ means the sixth prompt proble
given during the session D PPTE task. All subjects w
given prompt problems in the same order, so problem
was identical for all subjects.

Two of the problems given two times each~I25J4 and
I55J1! were separated by only one week, and both sess
were significantly later in the semester than the relevant
terial was covered. These two cases served as a contro
by providing a measure of how consistent subjects’ PP
responses were for two consecutive sessions, in the abs
of directly relevant course coverage.

The two problems given three times each~C15D65J3
and C45D25J5! were given during sessions C, D, and
Domain material relevant to the problems was covered in
concurrent physics course between sessions C and D, an
exam on the material was given during the same week
session D, so it is reasonable to assume that subjects s
time studying the material during the week between sess
C and D. The data from these two prompt problems w
examined as a test of the hypothesis that the PPTE task
detect conceptual change resulting from lecture coverage

Fig. 2. TPTE responst list scores, averaged over three presentations o
prompt ‘‘force,’’ vs overall course exam performance.
754I. D. Beatty and W. J. Gerace
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exam studying. Comparison with the session J respon
served as an additional control, to test whether any appa
change between C and D was long-lasting or temporary.

1. Control: Consecutive weeks, no course coverage

PPTE prompts I2 and J4 used the same prompt prob
~taken from the third course exam, given during the we
before session H!. The same is true of prompts I5 and J1. F
each occurrence of each prompt, subjects who respon
with terms indicating the key concept~s! needed to solve the
problem were identified, and a comparison was done to
how consistent subjects were in this regard across the
sessions.

The problem used for I2 and J4 is shown in Fig. 3. F
both presentations, each subject who included momentum
conservation of momentum among his responses was bin
as positive, regardless of what other responses were
cluded. The purpose of this scheme was to detect whethe
relevant concept was brought to the subject’s conscious
by the problem, not to determine whether the subject co
select it from among other concepts. Thirteen of the subje
were positive~included the concept! for both I2 and J4; two
were negative for both; and only one changed categor
from negative to positive.

Figure 4 shows the problem used for I5 and J1. For bo
a subject was binned as positive if he included moment
and also included conservation of energy, conservation
mechanical energy, or both kinetic and potential energy.
with the comparison of I2 and J4, only one subject in
changed categories, from negative in I5 to positive in J1~not
the same as the lone category-changing subject in the p
ous comparison!; 12 were positive for both and three we
negative for both. The one subject who changed catego
was a marginal negative for I5, and an argument could
made for placing him or her in the positive bin, which wou
mean no subjects changed bins at all.

The results of these two comparisons suggest that in
absence of direct course coverage of the relevant subject
terial, the likelihood that students will respond with a PPT
term relevant to the prompt problem’s solution is appro
mately the same when the task is given in two consecu
weeks: no coverage, no change.

Fig. 3. Prompt problem for PPTE I2 and J4.

Fig. 4. Prompt problem for PPTE I5 and J1.
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2. Lecture coverage and exam studying

The two problems given during sessions C, D, and J
optimally solved with the work-energy theorem. When su
jects were presented with the problems during session
they had been introduced to work and energy concepts,
the lecture instructor had not completed his treatment of
work-energy theorem. During session D, one week la
coverage of energy topics was essentially complete, and
jects were taking an exam on the material. The sessio
presentation occurred significantly later, at the end of
semester.

It was hypothesized that additional lecture and homew
coverage of the material and preparation for the exam wo
impact the way subjects responded to the prompt proble
Specifically, it was anticipated that more students would
spond with terms indicating an inclination to consider t
work-energy theorem for solving the problems during s
sion D than during session C. For the session J respon
two outcomes seemed plausible, assuming that the hyp
esis about sessions C and D turned out to be correct: if
increase from C to D was due to short-term immersion
work and energy course material~that is, subjects had thos
terms on their minds!, then the fraction of positively binned
subjects should decrease from D to J; or, if the increase
due to a real change in subjects’ conceptual reaction to
problems, then the rate for J should be comparable to the
for D and significantly higher than the rate for C.

Problem C1 had no picture, and read: ‘‘An object
launched directly upward with an initial speed of 18 m
What is the object’s speed after rising 8 meters?’’ Probl
D6 was identical to C1 except that ‘‘18 m/s’’ was changed
‘‘12 m/s’’ and ‘‘8 meters’’ was changed to ‘‘5 meters.’’ Prob
lem J3 was identical to problem D6.

Each subject was binned as positive if he included work
energy as a response term or part of a response term in
list of responses to the prompt problem. Subjects who m
tioned neither were binned as negative. Each subject
binned according to this criterion for sessions C, D, and
resulting in three binnings per subject. 1 of 16 subjects w
binned as positive for C1, 7 of 16 for D6, and 6 of 16 for J
When comparing subjects’ binnings for D6 and J3, it w
found that seven were negative for both sessions, four w
positive for both, two changed from negative in D6 to po
tive in J3, and three changed from positive in D6 to negat
in J3.

Problem C4 had no picture, and read: ‘‘A 30 kg box sta
from rest on a frictionless horizontal floor. A force of 200
is applied to the box, pushing down at an angle of 45°. H
much work must the applied force do to get the box mov
at 1 m/s?’’ Problem D2 was identical except that ‘‘30 kg
was changed to ‘‘25 kg,’’ ‘‘200 N’’ was changed to ‘‘320 N,’
and ‘‘1 m/s’’ was changed to ‘‘1.5 m/s.’’ Problem J5 wa
identical to problem D2.

For each subject’s session C list of response terms to
prompt problem, the subject was binned as positive if s
included energy or work-energy theorem as a response
or part of a response term. Subjects who mentioned nei
term were binned as negative. Subjects who merely ente
work were binned as negative, because the problem it
explicitly asks for the work to be determined. Three of
subjects were positive in C4, six of 16 for D2, and six of
for J5. When comparing subjects’ binnings for D2 and J5
was found that eight were negative for both sessions, f
755I. D. Beatty and W. J. Gerace
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were positive for both, two changed from negative in D2
positive in J5, and two changed from positive in D2 to neg
tive in J5.

These two comparisons suggest that when presented
a PPTE problem, students are more likely to include am
their responses a term indicative of the concept necessar
the problem’s solution after they have been exposed to
terial containing the concept through lecture, homework,
studying. When such exposure occurred, positive respo
increased noticeably over one week, and remained highe
weeks later. Also, subjects’ binnings remained relativ
stable for the six weeks following the exposure: two-thirds
three-quarters of the subjects were in the same bin for b
the session D and session J prompts, for both comparis
Overall, there appears to be suggestive evidence that
PPTE task is sensitive to course-induced learning. How s
sitive it is, and how influenced it might be by details of th
course, has not been determined.

One might ask why only seven of 16 students, all of who
scored a C or better on the first course exam, mention
work or energy in response to problem D6 after a week
intensive lecture, homework, and studying on work and
ergy topics. C1/D6/J3 is, after all, a rather straightforwa
conservation of energy problem. If the PPTE task is prov
ing information about the subjects’ ability to solve the pro
lem, this response would suggest that the subjects are la
unable to apply their recently acquired knowledge to ev
simple problems. Subjects were not asked to actually so
the problems during the study, so no direct data exists
resolve this question. However, it is suggestive to note
12 of the 16 subjects included kinematics or a clear equ
lent among their responses to D6, including seven of the n
who included work or energy, and five of the seven who
not. Many of the subjects had kinematics near the beginn
of their response list. It would seem that despite their rec
immersion in work and energy, the subjects retained a str
inclination to react to the problem as an exercise in kinem
ics, perhaps because of longer experience and greater c
dence with that topic.

It is also worth remembering that subjects were not
structed to enter terms indicative of the prompt problem
solution, but merely terms they considered related to
problem, spontaneously and without reflection. The tas
instructions could be rewritten so that subjects enter te
related to the solution of the problem, but this would dest
the spontaneity of the associations elicited. And even t
the task should not be expected to accurately pre
problem-solving success: a student might very likely~for
example! begin problem D6 with kinematics, get frustrate
and then turn to energy concepts and succeed; the PPTE
would elicit kinematics only, unless the subject thoug
through their solution completely and clearly before enter
terms. Recall that the task is not intended as a replacem
for problem-solving assessments as a measure of prob
solving ability, but rather as a probe of the linkages betwe
students’conceptualandproblem-stateknowledge.

D. FTE jump rates

When a subject generates terms for a Free Term E
~FTE! task, it seems plausible that he walks the network
concepts in his knowledge structure representing the g
domain, stepping from concept to concept along relativ
strong links that associate concepts. If this is true, adjac
terms in FTE response lists should be generally related, w
756 Am. J. Phys., Vol. 70, No. 7, July 2002
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occasional jumps when no associated terms immedia
suggest themselves to the subject and he has to stop
think for a while to come up with another not-yet-enter
term. ~This is of course a simple model, ignoring other po
sible mechanisms such as parallel processing and del
subconscious processing.!

One testable hypothesis that follows this picture is t
when two adjacent terms in a FTE response list are stron
related, the elapsed time between entering the two shoul
smaller on average than the time between two relatively
related terms. This will be investigated in a subsequ
paper.24 If it is assumed that more expertlike~that is, better-
performing students! have more richly structured conceptu
knowledge, then another testable hypothesis is that subj
course grades should correlate with the fraction of jumps
their FTE response lists. This section tests that hypothes

Define a term to be a jump if it does not appear to
reasonably related to one of the preceding three terms in
subject’s sequence of FTE responses, according to a dom
expert’s judgment. The three-term threshold was chosen
cause according to the introspective testimony of exp
who were given the task, sometimes two or three terms
triggered more or less simultaneously by the same p
term, and one must enter them in sequence; in this case
last entered of these terms would be related not to the im
diately preceding term but to one a step or two earlier. I
acknowledged that these defining criteria for a jump
somewhat arbitrary, and depend on a domain expert’s sub
tive judgment; given a reference structure for comparis
~perhaps formed from several experts’ concept maps!, a
cleaner definition should be possible for follow-up study.

Define a subject’s jump rate on an FTE task to be
number of jumps occurring in her response list, divided
the total number of terms in the list. A jump rate of ze
would indicate that every term is related to one of the pre
ous three terms; a jump rate of one would indicate that ev
term was unrelated to all of the previous three.

Each of the 16 subjects in the study was given a FTE t
once, during session J. The specified topic area for terms
‘‘the material covered in Physics 151.’’~Physics 151 was the
current course from which subjects were drawn, and ses
J was given between the penultimate and ultimate classe
the course.! The task lasted for 30 minutes. The number
responses entered by students during that time ranged
37 to 174, with a mean of 81 and a standard deviation of
Calculated jump rates ranged from 0.18 to 0.60, with a m
of 0.32 and standard deviation of 0.12.

Because inspection of the response lists showed that te
were entered much more sporadically during the later par
the task for all students, with many long pauses, isola
terms, and questionable terms, it was suspected that the
lier portion of the task might better reveal subjects’ degree
structuring of the domain concepts, and the latter part mi
simply introduce noise to the measurement. To investig
this, jump rates were also calculated for the first half of ea
subject’s response list~determined by term count, not b
time!. First-half jump rates ranged from 0.11 to 0.60, with
mean of 0.26 and a standard deviation of 0.12.

Figure 5 shows a scatterplot of subjects’ overall jump ra
against the sum of their raw course exam scores, and F
shows the same for first-half jump rates. The coefficient
correlation isr 520.23 for Fig. 5 andr 520.46 for Fig. 6,
where60.13 is the threshold for statistical significance wi
16 data points.
756I. D. Beatty and W. J. Gerace
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Although the coefficient of correlation for these plo
might seem to indicate a significant correlation, the pl
show one outlying point~top left! which overly influences
the results. Recalculating the coefficient of correlation wi
out this outlier yieldsr 50.16 for the jump rate andr
520.09 for the first-half jump rate, where60.14 is the
threshold for statistical significance with 15 data points. T
evidence for the hypothesized correlation is statistically m
ginal.

In contrast, Fig. 7 shows a plot of FTE jump rate vers
course exam performance for a different study, consisting
18 students from the Fall 1997 Physics 152 course~second-
semester introductory physics for science and enginee
majors!. The designated topic area was ‘‘the material cove
in Physics 152.’’ One subject was removed from the sam
because he or she did not take one of the course ex
Because the exam grades for this course were normalize
a 100-point scale, the measure of overall exam performa
used was the average of the four course exam scores. F
8 shows the same plot for first-half jump rates. The corre
tion of coefficient for jump rates versus exam performanc
r 520.67, and for first-half jump rates versus exam perf
mance isr 520.59, where60.13 is the threshold for statis
tical significance with 17 data points.

The data from this study suggest a statistically signific
correlation. It is not clear why the results from the two stu

Fig. 5. FTE jump rate vs course exam performance~Physics 151 Spring
1999 study!.

Fig. 6. FTE jump rate for first half of response list vs course exam per
mance~Physics 151 Spring 1999 study!.
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ies seem to differ; perhaps the difference in subject mate
or student composition of the two courses is relevant,
some aspect of the study itself. Further research is requ
to resolve the question of whether FTE jump rate correla
with course performance. Two specific questions to inve
gate are whether an improved definition of jump can
found that strengthens the correlation, and whether the ju
rate would correlate more strongly with a better measure
course performance than the standard multiple-choice ex
used.

IV. DISCUSSION

Overall, the results presented above indicate that ConM
term entry tasks can elicit information about introducto
physics students’ conceptual knowledge structure. Comp
son of TPTE term lists with drawn concept maps reveals t
the TPTE lists approximate a subset of concept map no
primarily the most central nodes of the map. Experts’ ratin
of the quality of subjects’ TPTE responses correlate w
student exam scores. PPTE responses are more likely t
clude terms indicative of the correct answer to the prom
problem as a result of course instruction on the relev
physics. And FTE jump rates might correlate with exa
scores. These results are preliminary and in need of corro
ration, but should justify further investigation of the ConMa
approach to assessment.

r-

Fig. 7. FTE jump rate vs course exam performance~Physics 152 Fall 1997
study!.

Fig. 8. FTE jump rate for first half of response list vs course exam per
mance~Physics 152 Fall 1997 study!.
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It is worth noting that although correlations with subjec
performance on course exams have been used to val
some of the ConMap measures, the ConMap assessm
have in fact been developed in response to the perce
inadequacy of traditional course exams, and are not inten
to reproduce exam results. Follow-up research should v
date the ConMap tasks against carefully constructed ass
ments of conceptual expertise, perhaps including per
mance on hand-crafted conceptual problems.

The overlap between TPTE responses and HDCM no
especially central~level one! nodes, suggests the possibili
of using a TPTE-based assessment as an easier-to-admin
easier-to-evaluate equivalent to the much-studied HDCM
further research, one might compare branchings from sub
iary nodes of a HDCM to response lists when the subsid
node term is used as a TPTE prompt. It might be possibl
predict significant portions of a subject’s HDCM from TPT
response data for a set of prompt terms.

The resulting TPTE-elicited network might even be mo
revealing of true knowledge structure than a consciou
drawn map. One might consider whether the fact that so
of a subject’s level one HDCM terms appear in the TP
response list and some do not indicates anything fundam
tal about the subject’s knowledge, rather than indicating t
the TPTE task is noisy. Perhaps the HDCM level one ter
which also appear in the TPTE are those to which the sub
has automated, instant access, while those which do no
pear are only accessible to the subject upon conscious re
tion. Here again, further study is warranted.

The work described in this paper is merely one early s
in the achievement of the long-term goals described in
Introduction: the development of practical, efficient asse
ment tools for diagnosing physics students’ evolving conc
tual knowledge structures, and the formulation of appropr
detailed cognitive models by which to diagnose. Resea
towards this goal faces the circularity problem common to
new physics frontiers: an appropriately sensitive experim
tal probe is a precondition to useful empirical data, yet
data validate a proposed probe; a model is necessary t
terpret the data, but the data suggest and constrain mode
and when a new probe is needed, its invention is guided
some kind of model. Thus, this paper has sought to pre
some possible probes, along with demonstrations of the k
of empirical data they make possible, and evidence of in
pretability in the data which serves to justify the probes
forthcoming paper24 will explore the connection to modelin
knowledge structure, access, and evolution.
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