Chapter 9

Retention of Quantum
Mechanical Concepts

This chapter describes the development of a test to 1) measure meaningfully
learned basic quantum concepts and 2) measure the retention of these concepts.
In education, a retention test aims at measuring to what extent learned content
is retained in memory. Typically, a retention test is conducted twice, with a
suitable amount of time between them. Comparing the test results of the two
attempts enables to draw conclusions about what is retained in memory. The
test was developed for the two courses that were followed in this research (QC
and QP). Because the course content differed significantly, two separate tests
were developed, one for each course. The QP retention test was conducted in
2006 and 2007, the QC retention test in 2007 and 2008.

There are two reasons to develop a retention test for this research. Obser-
vations in the Quantum Physics (QP) course gave the impression that much of
the tutorial session work focused on performing calculations. The final exam
reflects this. As a result students also seemed to focus on learning to perform
the calculations. An important portion of the problems used in the tutorials
were set up such that they might be made using “tricks”, or heuristic rules,
rather than relying on understanding. In other words, students might be using
rote learning techniques to perform the tasks given. In the Quantum Chem-
istry (QC) course students also appeared to rely on rote learning techniques,
although with another reason. Students were found to experience great diffi-
culties learning the material in a meaningful way. As a strategy to pass the
final exam, some students seemed to fall back to learning it rotely. A retention
test might reveal to what extent students in both courses learn the material
meaningfully.

Another reason to develop a retention test is to compare interventions in
successive years for both courses (see for instance [Kvam) [2000)). Typically, in a
null round, the retention rate is measured and compared to the retention rate
the following year in which a set of interventions is implemented. Comparing
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the retention rate between the two years, might reveal whether there is a
positive effect of the interventions on meaningful learning. Furthermore, the
tests score can be compared to the exam score to reveal possible differences in
what is tested.

9.1 Research questions

We pose the following three research questions:

1. What is the retention of quantum mechanics concepts based on the de-
veloped test?

2. Does the developed retention test measure meaningfully learned content?

3. How do the grades of the first attempt of the retention test compare to
the grade of the course’s final exam?

From the theoretical background we will see that the first two questions are
related. Regarding the third question: we would like to know how students
perform on questions that test basic quantum concepts. We consider the con-
cepts basic in the sense that they are the minimum we would like students to
learn from the course.

9.2 Theoretical background

As explained in Chapter [3] Ausubelian learning theory distinguishes between
two dimensions of learning: reception versus autonomous discovery learning
and rote versus meaningful learning (Ausubel, Novak, & Hanesian| [1978]). This
latter dimension refers to the cognitive process that occurs within the learners
mind. Meaningful learning is further explained by assimilation theory. In short
meaningful learning requires new content to be connected in a meaningful way
to existing cognitive structures. Contrary to this, rotely learned content exists
relatively isolated in cognitive structure. This has an important effect on the
retention of learned content{l]

Retention of rotely learned materials is influenced primarily by
the interfering effects of similar rote materials learned immediately
before or after the learning task. [...] Retention of meaningful
learned materials is influenced by properties of those relevant and
cumulatively established ideational systems with which the learn-
ing task interacts and that determine its dissociability strength.
Ausubel et al.| (1978, p. 144, paraphrased)

IThe concept dissociability strength refers to the process where a newly learned concept
a is linked to an existing concept A, such that they become connected as A’a’, where the
prime is to indicate that their meaning is changed as a result of their interaction. The
dissociability strength now expresses how easily these two concepts can be recalled from
memory as a’ and A’. As time passes, it will become less easy to recall a/, and what is left
is the altered concept A’.
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From the above we can conclude that meaningfully learned content is bet-
ter retained than rotely learned content. As a corollary: the higher the reten-
tion rate the more meaningful the materials have been learned. Meaningful
learning can be tested “by phrasing the test in a different language and pre-
senting the test in a somewhat different context than the original learning
material” |Ausubel et al.| (1978| p. 147, paraphrased). An alternative way to
measure whether meaningful learning has taken place, proposed by |Ausubel
et al.| (1978]), is to present the learner with a follow-up learning task that can
only be mastered if the previous learning task is genuinely understood.

It is to be expected that content learned more rotely is forgotten sooner
than content learned more meaningfully. [Ausubel et al.| (1978) report on stud-
ies that found a time span of hours for nonsense syllables (Ebbinghaus), [1913)
and days for poetry (Boreas| [1954). In a more recent literature review, |Custers
(2010) concludes that approximately two-third to three-fourth of knowledge
will be retained after one year. This will drop to slightly below fifty percent
in the next year.

Ausubel suggests that single facts are not recalled as well as abstract con-
cepts that are strongly linked within cognitive structure. More recent research
in memory and retention does not agree upon what is actually stored in mem-
ory: single facts, or abstract concepts. |[Bahrickl (1984) claims that specific
knowledge is stored and retrieved. Schema theory, on the other hand, claims
that a general abstract schema is stored in memory, from which specific knowl-
edge is reconstructed. From this theory it should follow that specific facts, and
for instance names, are less well remembered than general facts and concepts
(Neisser}, [1984; |Cohenl, |1990; (Conway, Cohen, & Stanhope, 1991). Experimen-
tal results, however, do not consistently support this theory (Conway et al.,
1991). [Semb and Ellis| (1994) provide a different perspective and emphasize
that the degree of organization and integration of the content is important
for recall. They hypothesize that a more integrated domain, with more con-
nections or associations between items of knowledge, increases the probability
that a given item will be remembered. This idea overlaps with what Ausubel
claims. It remains unclear whether the abstractness of the knowledge is of
influence on retention.

9.3 Methodology

9.3.1 Development of the test

One of the aims of the retention test was to measure understanding. To that
end it consisted of two parts. The first part was made up of open ended ques-
tions in which students have to perform basic calculations and interpret their
results. These questions were in part based on questions from the tutorial
sessions and set up such that students did not have to rely on the memoriza-
tion of rules, or formula’s (e.g. the Schrédinger equation). The second part
of the test consists of six 3-tier, multiple choice questions adapted from the
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Quantum Mechanics Visualization Instrument (QMVI, [Cataloglu & Robinett,
2002). In these questions students have to interpret a graphical representation
of the wave function, or the probability density. Is has been found that mul-
tiple choice questions measure recall as well as recognition (Arzi, Ben-Zvi, &
Ganiel, [1986]). In essence our retention test should measure recall, not recog-
nition. The multiple choice questions we used are suitable for this, because
the options given are possible outcomes of a calculation, which cannot be rec-
ognized. There is only a possibility that students will revise their answer if
for instance they see that the answer they would like to give is not one of the
options.

The test was validated by asking feedback from the lecturers and a teacher
of the problem solving sessions. Furthermore, some second-year students were
asked if they thought the phrasing of the questions was clear. They also
informally tried to make the test. Finally, structured interviews were held
with three first-year students (one at a time). They were asked to make the
test and think aloud. Based on these interviews we could determine whether
the phrasing of the test questions was clear and whether students interpreted
them as intended.

9.3.2 Sample selection and data collection

The retention test for QP was conducted in 2006 and 2007, for QC in 2007
and 2008. The first attempt was one month after the final exam, at a suitable
moment during a practical (with permission of the responsible teacher). The
second attempt was seven months after the final exam. For QC the second
attempt was planned during a tutorial session of another course, for QP during
the first tutorial session of the follow-up quantum physics course. For both
attempts, students were not informed that there would be a test. Students
were given enough time to finish the test (approximately 40 minutes). Between
both attempts students have not received any formal instruction in quantum
physics. Because we want to measure retention of concepts learned during
either of the two courses (research question 2), we only include students in the
analysis who have followed the course for the first time and have passed the
final exam (grade 5.5 or higher).

To prevent a (literal) learning effect of the first attempt, two slightly dif-
ferent versions (A and B) of the test were used. These versions should be
equally difficult such that their test scores can be compared. To determine
whether both versions can be compared the students were divided into two
groups. One group made version A of the test on the first attempt and version
B on the second attempt. For the other group the order was reversed: first
version B, then version A. This results in the scheme as shown in Table
In this Table A5 is for instance the average grade of group one on the second
attempt, for version A of the test.

Following [Ellermeijer| (1987), a measure m is introduced to determine the
extent to which the two versions of the test differed in difficulty. The measure
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Table 9.1: The table shows which ver-
sion of the test (A or B) was given
to which group on the two attempts.
Aqo, for instance, is the average grade
of group one on the second attempt, for
version A of the test.

attempt
group 1 2

1 A1 B
2 Ba1 A2

m is defined as:

o (A11 + Ag2) ; (Ba1 + B12). 9.1)

A positive m-value indicates that version B is more difficult than version A.
We have used m to correct for this difference in difficulty, by adding m to the
test results for version BP| In order to compare versions A and B of the test
m should be small, typically within the standard deviation of the test results.

Furthermore, we do not want that the two groups, defined above, differ
too much. To determine possible group differences a measure g is introduced,

defined as: B A A B

g:( 21 + 22)2( 11 + Bi2) (9.2)
A positive g-value indicates that group 2 has better test results than group 1E|
Again, g should be small.

Table[0.2] shows the m and g values for both courses. We consider all these
values small enough to enable comparison of versions A and B of the test for
both groups. In the following the results are presented for the two groups
combined, where we have corrected for a difference in test difficulty using the
measure m, as described above.

Because not all students have participated in both attempts of the test,
we can define two samples. The retention sample consists of all students who
have made both retention tests. The control sample consists of all students who
have not made both retention tests (i.e. one, or none)ﬁ We cannot control
these samples completely, but we would like to know whether the retention
sample is a representative draw from the total population.

Table [9.3| compares the final exam grades of both samples for both courses
respectively. For the QC course the average exam scores in both 2007 and 2008

2If we then recalculate m with the corrected test results, m will be zero.

3The g-value is not altered when correcting for the difference in difficulty between test
versions.

4Thus, the total population of students that have passed the exam is the sum of both
samples.

189



Chapter 9. Retention of Quantum Mechanical Concepts

of both samples (retention and control) do not differ significantly (p > 0.05,
two-tailed t-test). This suggests that the retention sample is a representative
draw from the student population. For the QP course the average exam scores
in 2007 for both samples (retention and control) do not differ significantly
(p > 0.05, two-tailed t-test). Again, this suggests that the retention sample is
a representative draw from the student population. However, in 2006 there is
a small, but significant, difference (p = 0.02, two-tailed t-test). The retention
sample appears to be slightly better than the control sample.

Table 9.2: Comparison of versions and groups: m is a measure for the difference in
difficulty, g is a measure for the difference between groups.

Quantum Chemistry Quantum Physics
2007 2008 2006 2007
(Nao =3, Ng=5) (Np=2 Ng=4) (Na =17, Ng=9) (Np=28 Ng=09)
m —0.10 —0.05 m 0.22 0.23
g 0.16 -0.70 g 0.36 —-0.07

Table 9.3: Sample size and exam grade averages (SD) for the two years under consideration
for both the retention and control sample. The mentioned p-values are for a two tailed

t-test.
Quantum Chemistry Quantum Physics
2007 2008 2006 2007
sample grade N grade N sample grade N grade N
retention 6.9 (0.7) 8 7.0(1.2) 6 retention 7.6 (0.9) 16 7.5(1.0) 17
control 6.8(09) 7 6.3(0.5) 9 control 6.9(0.9) 21 79(1.3) 11
p-value 0.32 0.39 p-value 0.02 0.41
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9.4. Results

9.4 Results

In the next two sections we present the results of the retention test and compare
the test results to the final exam grades. Because no significant intervention
was planned for QP in 2007, the test cannot be used to measure an effect of
such an intervention. After 2007 there was a new lecturer for QP and the
research focused on QC from there on. The idea to do the same test for QC
came after we had already implemented an important intervention in that
course. Hence, a null measurement is missing. The retention test can thus not
be used to compare the conventional course to an experimental course.

9.4.1 Quantum Chemistry

The results are represented graphically in Figure[9.1} which shows scatter plots
comparing the first retention test attempt to the final exam (left scatter plot)
as well as comparing both retention test attempts (right scatter plot) for both
years under consideration.

Table shows that in both years (2007 and 2008) the retention test score
is significantly lower than the final exam grade (p = 0.001 resp. p = 0.01,
two-tailed t-test). In 2007 there is non-significant, weak correlation between
exam and retention test scores (r = 0.59, p = 0.06, one-tailed t-test). In 2008
the correlation is significant (r = 0.81, p = 0.03, one-tailed t-test). Although
the 2007 correlation is weak, we conclude two things from these results. First,
the retention test has similar discriminative power as the final exam: it distin-
guishes high achieving from low achieving students. Secondly, the test seems
to test the same thing (i.e. “quantum mechanics”). As the retention test was
designed to measure basic quantum concepts taught in the QC course, the
low average test score is somewhat disappointing. It shows that students’
conceptual understanding of the course content is weak.

Table [0.5 compares the first and second attempt of the retention test.
The test scores between the two attempts do not differ significantly. In other
words: students’ performance does not improve nor decline between the two
attempts. Based on the theoretical framework, we conclude that the test
measures meaningfully learned content. Of course, the low p-value might also
mean that we are unable to determine an existing difference due to the small
N in these samples.
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Figure 9.1: QC retention 2007 (top, N = 8) and 2008 (bottom, N = 6) test
results.
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Table 9.4: Averages for the first attempt of the re-
tention test and the final exam for the QC course.
The p-values for the average grades are for a two
tailed t-test. The p-values for the correlation co-

efficients are for a one tailed t-test.

2007 2008
(N =8) (N =6)
exam (SD) 6.9 (0.7) 7.0 (1.2)
attempt 1 (SD) 4.9 (1.2) 5.8 (1.1)
p-value 0.001 0.01
correlation 0.59 0.81
p-value 0.06 0.03

Table 9.5: Average values for the first and sec-
ond attempt of the test (QC course). P-values
for averages on a two tailed t-test, p-values for

correlation on a one tailed t-test.

2007 2008
(N =38) (N =6)
attempt 1 (SD) 4.9 (1.2) 5.8 (1.1)
attempt 2 (SD) 4.9 (1.1) 5.0 (1.5)
p-value 0.95 0.26
correlation 0.58 0.14
p-value 0.066 0.40
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9.4.2 Quantum Physics

The results are represented graphically in Figure[9.2] which shows scatter plots
comparing the first retention test attempt to the final exam (left scatter plot)
as well as comparing both retention test attempts (right scatter plot) for both
years under consideration.

2006
L
[N}
g i
g g
g ; g
2
| <
Y 2 T T O T B
0 5 10
attempt 1
2007
[N}
g =
5 5
=} =3
=
<
Y T T T O T B O Y O B
0 5 10 0 5 10
attempt 1 attempt 1

Figure 9.2: QP retention 2006 (top, N = 16) and 2007 (bottom, N = 17) test
results.

Table shows that in both years (2006 and 2007) the retention test score
is significantly lower than the final exam grade (p < 0.05, two-tailed t-test).
In 2006 there is non-significant, weak correlation between exam and retention
test scores (r = 0.40, p = 0.06, one-tailed t-test). In 2007 the correlation is
significant (r = 0.72, p < 0.05, one-tailed t-test). As in the case of QC we
conclude that 1) the retention test has the same discriminative power as the
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final exam, and that 2) the retention test measures the same thing as the final
exam. Again we see that the average retention test score is much lower than
the average grade for the final exam. Thus, also for QP, students’ conceptual
understanding of the course content is weak.

Table [9.7] compares the first and second attempt of the retention test. The
test scores between the two attempts do not differ significantly (p < 0.05,
two-tailed t-test). In this case the samples appear to be large enough. In
other words: students’ performance does not improve nor declines between
the two attempts. This result is consistent with the QC result. Thus, also the
retention test for QC measures meaningfully learned content.

Table 9.6: Averages for the first attempt of the re-
tention test and the final exam for the QP course.
The p-values for the average grades are for a two
tailed t-test. The p-values for the correlation co-
efficients are for a one tailed t-test.

2006 2007
(N = 16) (N =17)
exam (SD) 7.6 (0.9) 7.5 (1.0)
attempt 1 (SD) 5.7 (1.3) 5.8 (1.1)
p-value < 0.05 < 0.05
correlation 0.40 0.72
p-value 0.06 < 0.05

Table 9.7: Average values for the first and sec-
ond attempt of the test (QP course). P-values
for averages on a two tailed t-test, p-values for
correlation on a one tailed t-test.

2006 2007
(N = 16) (N =17)
attempt 1 (SD) 5.7 (1.3) 4.5 (1.7)
attempt 2 (SD) 5.5 (1.0) 4.8 (1.3)
p-value 0.46 0.23
correlation 0.44 0.85
p-value 0.04 < 0.05
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9.5 Conclusion

Two retention tests were set up for two introductory courses on quantum
mechanics to measure the retention of quantum concepts. The tests focuses
on conceptual understanding, rather than reproduction of procedures (e.g.
solving the Schrodinger equation) and recall of learned facts (e.g. knowing the
energy levels for atomic hydrogen). The QP retention test was conducted in
2006 and 2007, the QC retention test in 2007 and 2008. We answer the three
research questions.

1. What is the retention of quantum mechanics concepts based on the
developed test?
For both courses, for all years there is no significant decline, nor improvement
of test results within the chosen retention interval approximately six months.

2. Does the developed retention test measure meaningfully learned content?
Literature on learning suggests that retention of concepts depends on the de-
gree of connectedness of these concepts. For instance, rotely learned content
will hardly be connected to what a subject already knows, while meaningfully
learned content will be strongly connected to existing cognitive structures. As
the retention is constant (research question 1), we conclude that the retention
test (mainly) measures meaningfully learned content.

3. How do the grades of the first attempt of the retention test compare to
the grade of the course’s final exam?
For both courses, for all years, the average retention test score was significantly
lower than the average exam score. Thus students performed less well on the
content we tested. This difference can in part be explained by the fact that
students were asked to make the test without notice during other curricular
activities. However, our impression is that they took the test seriously. As the
retention test was designed to measure meaningfully learned, core concepts
taught during the courses, we conclude that students do not master these
concepts at the level we would like. Furthermore, the final exams are unable
to distinguish this lack of mastery.

9.6 Discussion

The main problem in conducting this test was the small number of participants,
especially for the QC course (= 7). The maximum number of students will
remain small, as there are approximately 30 first year students enrolled for
QC and 60 for QP. Furthermore, we only want to include students that have
passed for the final exam (typically ~ 70%), resulting in even lower numbers.
However, the response rate might be improved by using the final exam as a
retention test. The final exam itself then is a null retention test. A second
retention test can be made by repeating part of the final exam. Retention is
then measured by comparing a selection of the exam items to the repeated
test results. This second attempt should be incorporated in an activity that
is obligatory for students.
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9.A Retention tests

The retention test for Quantum Chemistry is reproduced on pages 198-202.
The retention test for Quantum Physics on pages 203-207. Both tests were
translated from Dutch. The first question of each test is similar to the problems
given during the tutorial sessions. Questions 2-7 are multiple choice questions
adapted from the QMVTI (Cataloglu, |2002). Each of these questions ask the
students to give a short motivation and indicate how certain they are of their
answer (4-point Likert scale, ranging from —2 for very uncertain, to +2 for
very certain). The students’ motivation and certainty were only used in the
qualitative analysis of the test results.
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