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Effects of instruction on students’ overconfidence in introductory quantum mechanics
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Students’ ability to assess their own knowledge is an important skill in science education. However,
students often overestimate their actual performances. In such cases, overconfidence bias arises. Previous
studies in physics education have shown that overconfidence bias concerns mainly content areas, such as
Newtonian mechanics, where misconceptions are strongly held by students. However, how the received
instruction and the levels of understanding of a given topic influence overconfidence bias is yet to be
proved. In this paper, we address this issue choosing as content area introductory quantum mechanics
(QM). Overall, 408 high school students were involved in the study and randomly assigned to two
experimental groups. One group received a textbook-based instruction about introductory QM, whereas the
other one received instruction on the same topics through an innovative guided inquiry teaching-learning
sequence (TLS), which included also potential pedagogical countermeasures for overconfidence bias.
Students of both experimental groups completed a multiple-choice questionnaire and indicated for each
item the degree of their confidence in the given answer using a 5-point Likert scale. The overconfidence
bias was quantitatively defined and evaluated at person level using a 1D Rasch model. Progress in
knowledge about the targeted topics was modeled according to a construct map validated in a previous
paper. Results show that, for the whole sample, the overconfidence bias decreased as students progressed
along the levels of the construct map. However, findings indicate that students of the TLS group achieved a
significantly higher accuracy and a better confidence calibration, while the textbook group exhibited a
lower performance and a significantly greater overconfidence bias. Implications for research into
overconfidence bias in physics education are briefly discussed.
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I. INTRODUCTION

Students’ belief in their own ability—usually defined as
confidence—has been historically associated in educational
studies with motivation, interest, and decision making
[1-8]. Prior works show that confidence, in general, has
a positive correlation with science academic achievement
[9], persistence in science tasks [10], and motivation
towards science [11,12]. Higher performances in a given
task also correlate positively with accurate assessment of
one’s own knowledge [13-16]. More recently, confidence
has also been recognized as an important element of
scientific literacy [17]. When the self-assessment of knowl-
edge does not correspond to the actual achievement,
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overestimation of performance may arise (overconfidence
bias). In educational psychology, overconfidence bias has
been generally defined in three ways [18]: (i) an overly
positive perception of one’s own performance compared to
that of the others (overplacement or better than average)
[19,20]; (ii) an excessive confidence on the accuracy of
one’s own beliefs (overprecision); and (iii) an overestima-
tion of one’s actual ability or success chance in a specific
task [21]. According to Ref. [18] the three types of
overconfidence are not different manifestations of the same
construct but conceptually and empirically distinct. In this
paper, we are interested in the third type of bias, which
arises when the degree of students’ confidence is higher
than their real performance, measured as the proportion of
correct answers or by means of any other score in a given
task [22,23]. In general, the overconfidence bias may affect
decision-making skills and prevent students from deepen-
ing a given topic, with resulting ineffective self-regulation
in learning and low achievements [6,7,24]. A recent study
shows that overconfidence bias in genetics, evolution, and
combined topics can be influenced by the socioeducational
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context at the country level and, to a lesser extent, by
gender [22]. The same study also supports the so-called
hard-easy effect, which means that one’s own confidence
changes along the degree of difficulty of the task [25], thus
implicitly suggesting a relationship between confidence
and instruction level. In other words, meaningful under-
standing is related to the capability to (i) answer a question
correctly, and (ii) recognize the correctness of the answer at
a metacognitive level [26]. As students move from naive
conceptions toward more sophisticated and scientific views
in response to a teaching intervention, so the ability to
assess their own performance on a given task should
improve, resulting in a decrease of the overconfidence
bias. However, no study has yet provided evidence to
support such hypothesis. In this paper, we address this issue
by attempting to uncover the connection between confi-
dence and ability at the person level, as mediated by the
instructional process, using introductory quantum mechan-
ics (QM) as the target area. The investigation of con-
fidence-ability relationships at the person level can
potentially uncover the extent to which the instructional
context may influence students’ cognitive processes when
they assess their own performance.

Before presenting the research aims of the present study,
we briefly review prior work in physics education about the
relationships between confidence and knowledge, and put
forward some arguments why QM can provide a suitable
instructional context to accomplish our goals.

II. BACKGROUND

A. Confidence vs knowledge in physics

The construct of confidence was introduced in physics
education research by Hasan et al. [27], who first proposed
that the degree of certainty one student has in their own
ability to answer a test question can help in identifying
whether the wrong answer is due to a misconception, or
rather to a temporary lack of knowledge [28]. The authors
assumed that a right (wrong) answer with low confidence
score—typically 2 out of 5—signals potential guessing
(lack of knowledge). Conversely, a confidence score that is
greater than 3 out of 5 for a wrong (right) answer signals a
misconception (good knowledge). The criterion was also
extended to a class group by considering the average
confidence score. While the method was primarily sug-
gested as a valuable aid for teachers or university instruc-
tors, it received attention from scholars in physics
education to validate multitiered diagnostic instruments
aimed to identify misconceptions in a variety of content
areas [29-33]. Among these studies, only four focused at a
deeper level on the relationship between students’ con-
fidence and ability [34-37].

Planinic et al. [34] were among the first to use the Hasan
model. They compared the strength of students’ miscon-
ceptions about Newtonian dynamics and electric circuits by
using a true-false questionnaire with a confidence tier and
analyzed it through the Rasch model. Results showed that

high school students with different physics background
provided incorrect answers with a high confidence level in
the Newtonian dynamics area, while this was not the case
for electric circuits. The authors argued that such evidence
might be justified assuming that students developed incor-
rect mental models that were more stable in mechanics than
in electricity. However, the authors did not investigate the
extent to which differences in the knowledge of mechanics
and electric circuits affected students’ confidence in their
answers. Potgieter and colleagues [35] followed a similar
approach to explicitly test the Hasan et al. hypothesis in the
area of mechanics. As an assessment tool, they used
validated items from the Force Concept Inventory and
the Mechanics Baseline Test as well as written justifications
to answer choices. The analysis showed that the written
explanations revealed further incorrect reasoning than the
sole answers to the multiple-choice items. The authors
hence distinguished between misconceptions and lack of
problem-solving skills, but they did not explain why the
latter issue should, on average, inflate students’ confidence
in giving a wrong answer or in using a wrong reasoning. In
two papers, Calleon and colleagues [36,37] investigated the
relationships between students’ performance and confi-
dence in mechanical waves. In the main study [36], they
developed a four-tier questionnaire, namely, a two-tier
instrument that probed knowledge in the first tier and
reasoning in the second, each coupled with a confidence
tier. Then, they divided the items into “more familiar” and
“less familiar” from a curriculum teaching viewpoint.
Results showed that students performed better in the familiar
items and that a greater familiarity with the concepts led to a
higher confidence rating. More interestingly, the sample
exhibited strong misconceptions about both familiar and
unfamiliar concepts. However, with respect to previous
studies, the authors attempted to explain the strength of
the detected misconceptions with the overemphasis given in
the usual curriculum teaching of wave propagation to easy-
to-use, rote-learned formulas rather than to more funda-
mental principles. The authors hence concluded that stu-
dents tend to have an “illusion of knowing” [38], showing
evidence of the well-known Dunning and Kruger effect [39].

While valuable, these efforts give only a partial account of
the relationships between students’ confidence and perfor-
mance. In particular, assuming that high confidence in an
incorrect response signals a misconception, it is possible to
infer from such results only that a particular item can elicit a
misconception, but nothing can be inferred about the overall
capability of self-assessment of a single student or of a group
of students. Moreover, the lack of focus on confidence at the
student level makes it difficult to inspect the impact of
teaching-learning activities on the development of the
students’ capability to recognize which questions they are
really able to answer and which they are not. Finally,
although the above studies seem to suggest that confidence
calibration is associated with higher performances, they do
not systematically investigate this correlation.

010143-2



EFFECTS OF INSTRUCTION ON STUDENTS’ ...

PHYS. REV. PHYS. EDUC. RES. 16, 010143 (2020)

B. Potential sources of overconfidence in QM

The above reviewed work concerns areas of classical
physics that, as known, are characterized by spontaneous
conceptions and mental models that are often rooted in
everyday experience. On the contrary, students cannot rely
on personal exploration of the quantum world. Hence,
misconceptions in QM [40-43] are likely matured after
previous school teaching interventions, or after other
formal or informal learning experiences. In this study we
will focus only on school teaching experiences. QM has
been only recently introduced at the high school level in
Italy as well as in other countries’ physics curricula [44].
However, at high school, several basic aspects of QM are
targeted also in chemistry classes before being addressed in
the physics course, even though the scope and formalism
remain quite different. This circumstance may be a possible
source of overconfidence. For instance, students may
consider themselves already familiar with QM concepts
such as, e.g., atomic models, wave-particle dualism, energy
quantization, probability, etc., when actually this is not the
case [45]. Moreover, overconfidence bias may arise from a
correct knowledge of classical concepts (such as momen-
tum or measurement) that, however, have a different
meaning in QM. Under the cognitive point of view, it is
then worth investigating the extent to which such peculi-
arities of quantum mechanics may influence the interplay
between confidence and performance, in particular whether
overconfidence bias may be reduced in response to a
specific didactic intervention.

C. Research questions and hypotheses

Based on the background explained above, QM provides
a novel and unique opportunity to study overconfidence
bias and its relationships with increasing levels of con-
ceptual understanding. We propose the following research
questions as the focus of this study:

RQ1: To what extent does instruction influence the
students’ overconfidence bias in introductory QM?

RQ2: How does the overconfidence bias change as the
students’ ability progresses in introductory QM?

From these research questions, two hypotheses are
posited: (H1) instruction in introductory QM reduces the
overconfidence bias; (H2) as students’ ability progresses in
introductory QM, overconfidence bias decreases.

III. METHODS

A. Instructional context of the study

To answer our research questions, we used two different
experimental settings: (i) a traditional (“textbook”) and
(i1) a transformative (“7TLS”) instructional context.

The traditional context was constituted by a four-week
teaching sequence (about 12-14 h) that followed the
Italian national guidelines about introductory QM in both
chemistry and physics provided by the Ministry of

Education. See Ref. [44] for a brief description of the
ITtalian guidelines compared with those of other countries.
In this study, this teaching sequence was implemented in
classroom practice using the textbook (see, e.g., Ref. [46])
as guidance, and a teacher-directed lecture as the peda-
gogical approach.

The transformative context was constituted by a teach-
ing-learning sequence (TLS) on the same introductory QM
contents and with the same duration (about 14 h) [47]. The
TLS followed a conceptual sequence that starts from the
energy exchange between matter and electromagnetic
radiation, addresses the Heisenberg’s principle and atom
stability, and arrives to atomic energy levels, orbitals, and
the energy band model. Through the proposed activities,
the students build increasingly sophisticated models of
energy exchanges between radiation and matter, build a
connection between energy discretization and atomic
stability, and finally exploit more complex models to
explain the behavior of metals and insulators. The peda-
gogical approach of the transformative TLS was a guided
inquiry approach [48-54] that included also potential
pedagogical countermeasures for overconfidence [47] as
the critical and the regulatory feedback strategy; and the
“think the opposite” strategy. In such a way, students were
not only expected to develop a sounder scientific knowl-
edge about QM, but also a greater metacognitive awareness
about—and confidence in—what they were learning.
Students’ increasing knowledge about the topics targeted
in the traditional and transformative teaching sequences
was modeled by the construct map validated and revised in
Ref. [47]. We summarize the TLS activities in Table L.
We report in the Appendix the definition of the revised
construct map levels. The same 18-item questionnaire that
we used to validate the construct map was also used in this
study. The complete questionnaire is reported in Ref. [47].
To measure confidence, we appended to each item a second
tier, asking respondents to what extent they felt confident in
the given answer on a scale from 1 (not at all confident) to 5
(completely confident). The Cronbach’s alpha for the
confidence scale was 0.94, which can be considered an
excellent value. Accuracy and confidence data came from
the same sample involved in Ref. [47]. The TLS group
included N =200 students, while the textbook group
involved N =208 students. Eighteen students of the
TLS group (15 of which constituted an entire class), and
seven students of the textbook group did not complete the
confidence tier, so that the analysis for the present study
was carried out with N = 182 and N = 201 students for the
two groups, respectively.

B. Data analysis

To answer our research questions, we first had to choose
how to calculate overconfidence bias. At the person level,
a certain consensus has been reached on the following
formula [56,57]:
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TABLE 1.

more details).

Summary of the transformative TLS activities used in the study (see also Ref. [47] and related Supplemental Material for

Time (h) Addressed topics What students do What teacher does (QM topics)

2-4 Applications of QM Propose an experimental setup to Guides the students to understand that the energy
(e.g., LED) explain LED light emission and loss E of an electron that crosses the LED junction

perform the experiment with an can be expressed as E = eVy,, where V, is the
LED, a voltmeter and a voltage voltage at which an LED turns on depending on
generator. the color of the emitted light.

Helps the students understand the proportionality
constant that relates Vy, to frequency of the light
emitted by the LED must be universal.

2-3 The concept of photon. Fill in a worksheet about how to Proposes a heuristic definition of the “characteristic
The interaction interpret the meaning of the action” of a system in the form A « E 7z, where £
between matter and Planck’s constant that has been is the characteristic energy and 7 the inner time of
radiation. The concept measured in the LED the system.
of mechanical action experiment. Introduces the principle of action quantization and

Heisenberg principle as AEA7 > #/2 and
ApAx > /2.

2-3 The uncertainty Fill in a worksheet about how to Starting from the Heisenberg principle, guides the
principle. The atom use the Heisenberg principle to students to understand that it is impossible to
stability. The explain an atom’s stability. determine the electron trajectory.
electronic structure of Discusses limits of the quasiclassical models of
atoms (energy levels). atom. Explains atoms’ stability using the

Heisenberg principle.

4 Atomic orbitals and Fill in a worksheet about how to Reinforces students’ understanding of orbitals in
probability build a model of an atom based terms of probability distributions.
distributions on energy levels. Introduces the wave function as a mathematical

entity associated with observables (position,
momentum) and orbitals.

2 Molecular orbitals. Fill in a worksheet to propose a Guides the students to reflect on what a conductor is
Energy bands model of model of metals and insulators and on the need for the electrons to have suitable
solids: metals, starting from energy levels of energy to freely move across the material, so
insulators, single atoms. that they can also be “shared” by all the atoms
semiconductors. of the solid.

Helps students understand that an electron can only
move from an “occupied” state to an empty state.

Introduces the model of solids based on the concepts
of electronic bands and forbidden band gap.

Chias = Cscore — Pscores (1) qualitatively compared but also algebraically manipulated

where Cy,, is the confidence bias, Cy,. is the confidence
score, and Py, is the performance score. In this study, we
calculated the confidence bias, as defined by the for-
mula (1), using a 1D Rasch model [58]. The reason for
using the Rasch model is that raw confidence scores are
categorical data and therefore they only provide an order
relationship between subsequent levels on the confidence
scale. Therefore, they cannot be used to measure the
confidence bias using Eq. (1), since the respective intervals
are not linear [58]. On the contrary, using the Rasch model,
we can estimate both Cj.,. and P, on the same linear
scale, using the same unit of measurement (logit) so that the
measures of the QM and confidence items can be not only

using formula (1).

To calculate Rasch measures, differently from Ref. [59]
where a full score was given only if the knowledge tier was
correct and the expressed confidence level was greater than
two out of five, we ran a combined Rasch analysis using all
the 36 items (18 knowledge items on a dichotomous scale
and 18 confidence items on a rating scale) [60]. Rasch
statistics of the questionnaire, including person or item
reliability and separation, were first calculated. Then, we
checked the goodness of fit to the Rasch model using
infit and outfit Mean-Square, while multidimensionality
was checked through a principal component analysis
(PCA) of residuals [61]. Finally, we checked the function-
ing of the confidence rating scale by inspecting the ordering
of rating steps as a function of item and mean respondent
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FIG. 1. p values associated with the DPF contrasts vs DPF
contrasts in logit. DPF contrasts greater than +1.1 logit and less
than —1.5 logit are statistically significant (associated p value is
less than 0.05) and are labeled as “high overconfidence” and
“high underconfidence,” respectively. The interval [—1.5, +1.1]
logit is further demarcated using the FWHM (p = 0.5) points
into three regions: [—1.5, —0.3] logit, [—0.3; +0.3] logit, and
[4+0.3; +1.1] logit. We collapsed the two leftmost regions of the
three into one region (shaded yellow) labeled “mostly calibrated.”
The third region, shaded green, is labeled “moderate over-
confidence.” In our analysis, when we refer to overconfidence,
we mean the term to include both high and moderate over-
confidence.

measure. To calculate overconfidence bias for each person
we calculated the differential persons functioning (DPF)
[61] on knowledge vs confidence items. DPF on knowledge
(confidence) items represents a person’s Rasch measure if
the confidence (knowledge) items were not evaluated. Then,
for each respondent, we calculated the DPF contrast
namely, the difference between Rasch measures on con-
fidence items and on knowledge items—as Rasch proxy
variable for the confidence bias defined by Eq. (1). In
particular, a DPF contrast greater than zero indicates that the
person is more likely to endorse the confidence item than
they are able to correctly answer the corresponding knowl-
edge item. Finally, we had to define the intervals to indicate
the degree of significance of DPF contrast, in a way similar
to that proposed by Stankov and Lee [57]. To estimate the
effect size associated to a DPF contrast, we computed the
associated z-test statistics and probability. Hence, to reduce
the arbitrariness of our choice, we looked at the p values
associated with each DPF contrast. This probability ranges
from 1 (corresponding to a DPF contrast = 0 logit, perfect
calibration), to lower values. This means, for instance, that a
p value p = 0.001 corresponds to significant DPF contrasts
with absolute value greater than 5 logit. We then plotted the
associated p values as a function of DPF contrast, obtaining
the classical bell-like plot of a student ¢ distribution (Fig. 1).

TABLE II. Final adopted intervals of differential persons
functioning (DPF) measures of calibration.

Calibration level DPF Interval (logit)

Lower than —1.5
[—1.5, +0.3]
Greater than +0.3

High underconfidence
Mostly calibrated
Overconfidence

The line corresponding to the conventional value of
probability p = 0.05 intersects the curve in two points
(—1.5 logit and +1.1 logit) that divide the DPF contrast
continuum in three regions of calibration: “high under-
confidence,” “calibrated,” and “high overconfidence.”

Given the focus of the present study on overconfidence
bias (namely, on positive values of DPF contrast), we
divided the “calibrated” interval into two subintervals—
“mostly calibrated” and “moderate overconfidence”—
using as cut value the probability value of 0.5, which
corresponds to the half maximum of the curve (in analogy
with the full width at half maximum convention). The
approximate positive value of the DPF contrast correspond-
ing to this 0.5 probability threshold is 4-0.3 logit. We finally
collapsed the “high” and “moderate overconfidence” inter-
vals into a single “overconfidence” interval to carry out the
statistical calculations. The final adopted intervals are
reported in Table II.

To answer RQ1, the average DPF contrast was compared
for TLS and textbook group using a ¢ test. Correlation
between ability (i.e., DPF on knowledge items) and DPF
contrast was also calculated using data from all the classes
involved. A chi-square test for independence was run in order
to determine whether or not a relationship existed between
TLS and textbook groups and levels of calibration of Table II.

To answer RQ2, we first compared through a one-way
analysis of variance (ANOVA) the mean DPF on con-
fidence items and the mean DPF contrasts for groups of
students with different abilities on the QM items, using
ability quartiles and the revised three-level construct map
levels to stratify the sample.

Assignment of students to construct map levels was
performed as described in Ref. [47], using the new estimates
of item difficulty and students’ abilities. We remark that, due
to the properties of the logit scale [58], the new average
values of difficulty of the levels differ from those obtained
when only QM items were used by a constant quantity, which
represents the contribution of the confidence items. Thus,
relative ranking of the construct map levels is preserved.

Finally, a chi-square analysis was also carried out to
inspect the dependence between the calibration intervals
and the construct map levels. All Rasch measurements were
obtained using Winsteps 3.98.

For the sake of completeness and to allow the compari-
son with other studies in the field, we report data from
the analysis based on raw scores in the Supplemental
Material [55].
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TABLE IIL

Rasch analysis statistics of the questionnaire with the combined knowledge and confidence items."

Knowledge scale

Confidence scale

Model Infit Infit Outfit Outfit Point-

Standard Mean- Standardized Mean- Standardized Measure

Model Infit Infit Outfit Outfit Point-
Standard Mean- Standardized Mean- Standardized Measure

Item Measure error Square fit statistics Square fit statistics Correlation Measure error Square fit statistics Square fit statistics Correlation
1 —1.09 0.11 09962 —0.059 09749 —-0.329 0.3876  —0.15 0.06 0.7938 —3.279  0.8064 —2.979 0.7000
2 1.28 0.13  1.0756 1.0s1  1.1718 1.361 02392 —0.07 0.06 0.8933 —1.619  0.8807 —1.769 0.6399
3 0.03 0.11 1.0273 0.751  1.2168 3.511 03223  —0.12 0.06 0.8248 —2.749  0.8317 —2.559 0.6610
4 —0.10 0.11 1.0104 0.301  1.0451 0.821 03611 —0.61 0.06 1.0892 1.311 1.1702 2351 0.5839
6 —0.74 0.11 1.1371 3271 1.1736  2.791 0.2453 —0.63 0.06 1.0468 0.7010  1.0135 0.2210 0.6377
7 0.44 0.11 1.0670 1511 1.2115 2.751 0.2724 -0.39 0.06 0.8672 —2.049  0.8546 —2.199 0.7229
8 0.70 0.12  1.1080 2.081 1.1993 2221 0.2375 0.22 0.06 1.0118 0.2010 1.0139 0.221 0.6182
9 0.37 0.11 1.0730 1711 1.1751 2411 0.2781 —0.32 0.06 0.9942 —0.059  0.9587 —0.589 0.6772
10 —0.08 0.11  1.0300 0.841 1.1376  2.381 0.3302 0.09 0.06 1.0345 0.5310 1.0204 0311 0.6273
11 0.96 0.12 1.1167 1.921  1.3225 2.921 0.2013  —0.15 0.06 1.0203 0.3210 0.9956 —0.039 0.6169
12 0.96 0.12  1.0879 1.461  1.1649 1.581 0.2400 —0.01 0.06 0.9383 —0.909  0.9358 —0.919 0.6055
13 —-091 0.11 09771 —0.509 09335 —1.029 0.4129 —0.40 0.06 0.8406 —2.489  0.8173 —2.809 0.7511
14 0.57 0.11  1.0912 1.901 13156 3.671 0.2404 0.11 0.06 0.9289 —1.059  0.9060 —1.359 0.6549
15 —-0.07 0.11  1.0127 0.361 1.1584 2711 0.3425 0.00 0.06 0.8989 —1.529  0.8631 —2.039 0.6835
17 0.01 0.11 1.1254 3311 1.2679 4311 0.2295 0.18 0.06 0.9360 —0.939 09192 —1.149 0.6410
19 0.03 0.11 1.0133 0371 1.0432  0.751 03575 —0.02 0.06 09313 —1.019  0.8985 —1.489 0.7010
20 0.21 0.11 1.0825 2071  1.1257 1.931 0.2839 0.14 0.06 0.9562 -0.639 09153 —1.219 0.6647
21 —0.28 0.11  1.0478 1.341  1.1451 2.601 0.3212  —0.15 0.06 1.0296 0.461 1.0123 0.2010 0.6781

“Items 5, 16, 18, and 22 were removed from the analysis [47].

IV. RESULTS

A. Rasch statistics of the accuracy-confidence
combined items

For the combined items, person reliability is 0.90, while
person separation is 3.06. Both values can be considered
good. The value of the person separation index suggests
that the sample can be divided in more than one group
according to their ability. Item reliability is 0.97, while item
separation is 5.31, a value that confirms the item “diffi-
culty” hierarchy of the instrument for this sample, namely
how well the items are distributed along the difficulty
continuum [62]. Infit and outfit MSNQ values are accept-
able for all items (Table III). Point measure correlation,
which also measures the Rasch construct validity, is
acceptable (i.e., greater than 0.5) for all items of the
confidence scale. QM items have smaller correlations
(roughly from 0.2 to 0.4). Since infit and outfit Mean-
Square fall within the recommended intervals, a small
correlation (around 0.2) means that the item was likely
more difficult for the students.

Results of the principal component analysis of residuals
for the 36 items of the questionnaire are shown in Fig. 2.
The raw variance explained by measures is 41.1%.
Eigenvalues of the first two contrasts are, respectively:
3.48 (5.7% of unexplained variance) and 2.26 (3.7%).
Hence, when combining knowledge and confidence items,
at least two dimensions can be identified.

By inspecting Fig. 2, we see that all QM items
have positive loadings in the first contrast, while most

confidence items have negative loadings. Hence, the PCA
of residuals confirms that QM items and the confidence
scale measure different constructs. While three clusters of
items can be identified from the figure, the disattenuated
correlations suggest that only two measure different con-
structs, the first and the remaining two.

More precisely, the disattenuated correlation between the
first and the second cluster is 0.4474, while that between
the first and the third cluster is 0.2949. On the contrary, the
disattenuated correlation between the second and third
cluster is 0.8470.

STANDARDIZED RESIDUAL CONTRAST 1 PLOT
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FIG.2. Standardized residual loadings in the first contrast of the
confidence (CONF) and knowledge (QM) items. Items removed
from the analysis: 5, 16,18, and 22 [47].
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FIG. 3. Patterns of probability responses as a function of person

and item measure. Asterisks, above the horizontal axis, indicate
points at which adjacent categories are equally probable.

The first two values are well below the threshold of 0.57
for considering the items measuring the same construct,
while the third values suggest that items in cluster 2 and 3
measure the same construct. Finally, in the second contrast,
all disattenuated correlations are greater than 0.57, so we
can infer that there is not enough item strength in the data
for a third construct, different from that measured by the
items in the knowledge and confidence scales. To analyze
the functioning of the confidence rating scale we inves-
tigated the most probable response for each value of the

PERSON MEASURES ON CONFIDENCE ITEMS ~ <more>| <rare> ITEMS

PERSON MEASURES ON QM ITEMS

<more>|

LOGIT
o

NUMBER OF STUDENTS

NUMBER OF STUDENTS

scale (1-5) as a function of person measure and item
difficulty. Figure 3 shows that each response value has a
maximum probability for different combination of item
difficulty and person measure. Therefore, we can assume
that the usage of the confidence rating scale by the
respondents is coherent with the intended use (e.g., a value
of 2 suggests less confidence than a value of 3).

In Fig. 4, we report the Wright map for knowledge
and confidence items for all students that participated in
the study, regardless of the instruction they received. The
Wright map shows students” DPF on QM and confidence
items on the left-hand side and the estimated item
difficulty on the right-hand side. Thurstonian thresholds
for confidence items are also shown. We remind that,
according to Rasch measurement, students with a higher
measure in the accuracy analysis (i.e., the DPF on QM)
are students with higher scores, while, students with a
higher measure in the confidence analysis (i.e., the DPF
on confidence) are more agreeable to confidence items.
Similarly, QM items with a higher measure are items that
were harder for students, while confidence items with a
higher measure are items that were more unlikely for
respondents to agree with.

The overall mean person measure on the 18 QM items
+18 confidence items is —0.28 4- 0.94 (st.dev) logit. The
average QM items measure is +0.13 £ 0.64 (st.dev), while
confidence items have an average measure of —0.13 + 0.25
(st.dev) logit (we remind that in Rasch analysis the mean
items’ measure is set to 0).

CONF17.4 CONF20.4 CONF8.4
CONF10.4 CONF14.4 CONF15.4
CONF12.4 CONF19.4 CONF2. 4 CONF3.4
CONF1.4 CONF11.4 CONF21.4

QM2 CONF9.4 CONF13.4 CONF7.4

. QM11 QM12 CONF4.4. CONF6.4

) CONF17.3 CONF8.3

sameam CONF10.3 CONF14.3 CONF20.3
:aM7.aQM9 CONF12.3 CONF15.3 CONF19.3 CONF2. 3
.am20 CONF1.3 CONF11.3 CONF21.2 CONF3.3
.QM17QM19 QM3  CONF9.3 CONF13.4 CONF7.4
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. QM6 am13 CONF13.2. CONF7.2 CONF9.2
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CONF17.1 CONF8.1

CONF10.1 CONF14.1 CONF20.1

CONF12.1 CONF15.1 CONF19.1 CONF2. 1
CONF1.1 CONF11.1 CONF21.1 CONF3.1
CONF9.1 CONF13.1 CONF7.1

CONF4.1. CONF6.1

FIG. 4. Wright map of the questionnaire used in this study. Confidence items are labeled as CONF, knowledge items are
labeled as QM. Thurstonian thresholds for confidence items are also shown (e.g., CONF9.4). The thresholds indicate the location at
which the probability of choosing the (i + 1)th category on the confidence scale is 50%. Items 5, 16, 18, 22 were removed from the

analysis [47].
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FIG. 5. Correlation between average ability on QM items
(horizontal axis) and DPF contrasts (vertical axis) of the classes
involved in the study. Blue squares denote the TLS group, while
red circles are used for the textbook group. The average values for
the two groups are denoted by triangles. Note that students of one
class did not answer to the confidence tier, so only 22 points are
represented in the graph.

This means that, when looking at both QM and con-
fidence items, students had difficulties in answering the
QM items and at the same time, did not much “agree” with
the confidence items. However, the probability “to agree
upon” a confidence item was slightly higher than to correctly
answer a QM item.

When analyzing students’ measures separately on knowl-
edge and confidence items, we found that the mean DPF on
the QM items is —0.32 logit +1.22 (st.dev), while the mean
DPF on confidence items is —0.33 logit +1.20 (st.dev).

These negative DPF average measures confirm that
students had difficulties in answering the QM items and
did not much agree with the confidence items. We recall
that the average DPF measures for each type of item are
different from the overall mean person measure, because
score-to-measure conversion is nonlinear.

B. To what extent does instruction influence students’
overconfidence bias in introductory QM?

In Fig. 5, we plot the mean DPF contrasts for the
classes involved in the study as a function of the mean
ability DPF on QM item. TLS and textbook groups are
denoted, respectively, with blue squares and red circles.
Approximately, 7 classes have DPF contrast greater
than 0.4 logit, namely, they are on average over-
confident, while only two classes have DPF contrast
lower than —1.5, which indicates a rather pronounced
underconfidence.

Overall, the correlation between confidence bias and
ability is rgmple = —0.57, which is significant at 0.01 level.
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FIG. 6. Distribution of TLS and textbook control group
students’ DPF: (a) on knowledge items; (b) on confidence items;
(c) contrast.

For the TLS group, this correlation is lower (rrp g = —0.36
VS Frextbook = —0.64). We report in Figs. 6(a)-6(c) the
distribution of students’ DPF on knowledge and confidence
items and resulting DPF contrast. Mean DPF on QM items
of the TLS group is +0.40 logit +1.02 (st. dev.), while
for the textbook group the mean ability is —0.96 logit
+0.99 (st. dev). The difference is statistically significant
(t=13.207, df = 381, p < 10~*). The DPF on confidence
items of the TLS group is —0.03 logit +1.33 (st. dev.),
while for the textbook group the mean ability is —0.58
logit £0.99 (st. dev). The difference is again statistically
significant (r = 4.584, df = 332.525, p < 107%).

The mean DPF contrast, our proxy for the overconfi-
dence bias score, is —0.43 logit £+1.30 (st. dev.) for the TLS
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FIG. 7. Distribution of TLS and textbook groups subjects
across confidence intervals of Table II.

group and 0.38 logit £1.27 (st. dev.) for the textbook
group. Also such difference is statistically significant
(t=6.115, df =381, p < 107%).

The distribution of TLS and textbook group students
in the confidence calibration intervals of Table Il is reported
in Fig. 7. Based on the chi-square test of interdependence,
we found a significant correlation between instruction
received and calibration level (y?> =26.820, df =2,
p < 107%; Cramer’s V = 0.257, p < 107%).

C. How does overconfidence bias change as students’
ability in introductory QM increases?

We plot, in Fig. 8, the mean DPF on confidence items
and the DPF contrast, as a function of the students’ ability
on QM items, using the quartiles criterion.

The analysis shows that, for the whole sample,
confidence significantly increases as ability increases
(F =29.482, df =3, p < 107*, partial #*> = 0.19) and
that confidence bias of more able students is significantly
lower than that of less able students (F = 40.700, df = 3,
p < 1074, partial > = 0.24).

In Fig. 9 we show the DPF contrast for the whole sample
as a function of the three levels of the construct map
adopted to describe the students’ progression in introduc-
tory QM (see Ref. [47] for details).

In particular, for the whole sample, students at the
lower level of the construct map (about 26.1%) are on
overage overconfident (DPF contrast = +0.93 logit),
while students of at the upper level (overall, 79 out of
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FIG. 8. DPF contrast (green circles) and DPF on confidence

items (red diamonds) vs ability quartiles. Whiskers indicate
95% confidence interval. Green (red) circles (diamonds) are
slightly shifted toward the right (left) to enhance readability.

383, about 21%) are slightly underconfident (average DPF
contrast = —1.01 logit). This is not, however, because
confidence is decreasing. In fact, it is increasing, just not
as much as ability is.
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FIG. 9. DPF contrast (green circles) and DPF on confidence
items (red diamonds) vs levels of the revised construct map in
QM described in Ref. [47] for the whole sample. See Appendix
for the definition of the construct map levels. Whiskers indicate
95% confidence interval. Green (red) circles (diamonds) are
slightly shifted toward the right (left) to enhance readability.
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FIG. 10. Distribution of all respondents across the three
confidence levels, subdivided according to the levels of the
construct map in QM (see Appendix for definition of the
construct map levels and Table II for confidence intervals).

Between each pair of the three levels, the average
confidence bias, as measured by the DPF contrast, is
significantly different (r > 6.121, df = 380, p < 107).

This evidence is confirmed by a chi-square analysis (see
Fig. 10), which shows that the association between the
three levels of the construct map and the three levels of
confidence calibration is statistically significant (y*> =
102.260, df =4, p < 10™*; Cramer’s V = 0.37, p < 107).

The majority (about 60%) of the students of the upper
level and of the intermediate level of the construct map are
mostly calibrated. Moreover, only 10% of the students in the
upper anchor shows a significant overconfidence bias, while
this is the case of about 38% of the students in the
intermediate level and 77% of the students in the lower level.

V. DISCUSSION

In this study, we examined how high school students’
confidence bias, namely, the difference between one’s own
assessment of a performance and their actual performance,
is mediated by instruction and how it changes when the
ability increases in response to the received instruction,
choosing introductory quantum mechanics as content area.

In the following, we summarize the extent to which our
purposes have been fulfilled.

A. To what extent does instruction influence students’
overconfidence bias in introductory QM?

We found that the TLS group, namely, students who had
received instruction about the target topics through the

activities described in Ref. [47], have consistently better
performances than the textbook group (average ability on
QM items = + 0.40 logit vs —0.96 logit). Moreover, the
TLS group exhibits also greater average confidence (about
—0.03 logit vs —0.58 logit). We note that the confidence
score of the textbook group does not decrease inasmuch,
so that the smaller differences between the confidence
scores of TLS and textbook groups resulted in a signifi-
cantly greater overconfidence bias for the textbook group.
Similarly, when looking at the average behavior of the TLS
group, we found that the majority of students (about 55%)
is substantially calibrated. The above evidence confirms the
hypothesis H1, namely, that overconfidence bias can be
significantly reduced when students are exposed to a
transformative didactical intervention. We recall that the
involved classes had been randomly chosen in such a way
that each participating school to the experiment roughly
contributed to both the TLS and textbook groups.
Furthermore, all involved teachers had a similar teaching
experience and had attended the same professional devel-
opment course, in which they were familiarized with the
inquiry-based strategy that would have been adopted with
students. Therefore, the differences may be reasonably
attributed to the transformative nature of the intervention of
the TLS group and not to other external factors. Our
interpretation is that the proposed activities, being informed
by both prior work in physics education research about
introductory QM, and research about inquiry-based instruc-
tion such as, e.g., questioning, feedback about learning and
challenging prompts, may have likely provided students
with more opportunities to enhance their ability of self-
evaluation in comparison to traditional teaching. It is
beyond the scope of this paper to identify which specific
activity or aspect of the transformative intervention mostly
contributed to the observed result. However, our interpre-
tation is supported by former studies in educational
psychology [63], which found that asking respondents to
list reasons for their answer dropped confidence in their
own responses, thus increasing calibration. Among the
guided-inquiry activities, those focused on stimulating
group discussions about the experimental results and
critical reflections about the topics already studied in
chemistry classes, as atomic models or orbitals, may have
also played a relevant role since students could have been
helped in this way assess their own knowledge in a better
way. This evidence confirms recent results in biology
education about the role of group work and guidelines
in reducing confidence bias [64].

Conversely, the textbook intervention and the teacher-
directed lecture approach resulted in a worse confidence
calibration of the textbook group. In particular, about half
of the students in the textbook group show a significant
overconfidence bias. Previous studies in behavioral psy-
chology suggest that students’ overconfidence increases
when tasks are perceived as “simple” or “easy” [65].
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In physics, this can be translated as follows: students’
confidence in answering an item or solving a problem can
be related to the extent to which the possibility to use
known formulas is recognized [66]. In our study, the items
featured in the questionnaire could have been perceived as
“easy” since the questions apparently requested the humble
recalling of rote-learned formulas (e.g., E=h v) or
notions, while they were actually probing a deeper under-
standing of the targeted topics. Textbook group students’
miscalibration can also be related to an unbalanced
judgment of what they have already learned, which may
have led them to feel unrealistically confident in their
understanding [67]. In other words, less learning resources
could have been invested by low performers in learning the
new topics, likely because the latter seemed superficially
familiar to those already learned in the chemistry classes. In
the Italian curriculum, as thoroughly discussed in Ref. [47],
introductory QM topics, like atomic models or orbitals, are
taught in chemistry classes together with very basic notions
about radiation emission, photons, and wave-particle
duality, typically during the third year of high school
(age 15-16 years), i.e., two years before the so-called
“modern physics” topics are taught in the physics classes:
the different focus and scope of the chemistry teaching may
have affected student confidence when approaching the
same topics from a different viewpoint. However, it would
be worthwhile for future research to confirm whether and
how prior knowledge in chemistry may lead to overestimate
or underestimate one’s own performance when dealing with
introductory QM.

B. How does overconfidence bias change as students’
ability in introductory QM increases?

Overall, our data confirm that less able students exhibit
in their responses a significant higher overconfidence bias
than more able students, the latter being slightly under-
confident (Figs. 8 and 9). This result is consistent with
reports regarding a variety of fields [22,45,57,68-70],
which can be easily extended to QM. In particular, by
adopting the model by Hasan et al. [27], our data suggest
that students may lack strong mental models about the
targeted QM topics, similarly to what happens in electro-
magnetism, but differently than in classical mechanics,
where misconceptions are more deeply rooted. As a general
implication, the overconfidence bias seems less pro-
nounced when addressing more abstract topics. In other
words, students’ misconceptions about introductory QM
topics at the high school level are present, but not so
strongly rooted since students’ mental models of micro-
scopic behavior of matter often lack the link to everyday
experience, as it occurs, instead, in mechanics.

Concerning our hypothesis of an inverse relationship
between overconfidence and increasing understanding of
introductory QM (H2), our data support that participants at
the highest level of the construct map validated in Ref. [47]

tend to have lower values of overconfidence. In other
words, when looking at students’ distribution across the
levels of the construct map, confidence tends to become
closer to the actual performance for about 60% of the
students at intermediate and upper levels, while about 80%
of the students at the lowest level exhibit moderate to high
overconfidence.

Given the above evidence, our study supports the general
claim that a better calibration between confidence and
performance is associated with improved ability. Moreover,
the positive relationship between ability and calibration
is common to the whole sample, thus confirming that
instruction may help students improve their capabilities to
correctly evaluate their own performance.

While a more detailed analysis is beyond the scope of
this study, we note that about 25% of students in the upper
level of the construct map exhibit high underconfidence
(Fig. 10). Lindsey and Nagel [66] suggest that, in physics,
underconfidence is problematic as much as overconfidence,
since a deep knowledge should correspond to the meta-
cognitive ability to self-recognize also a correct under-
standing of a given topic. A possible interpretation is that
topics targeted in the upper anchor (behavior of metals and
insulators) were actually difficult to grasp both for the
textbook and the TLS group students. In particular, even
though high performers responded to the knowledge items
in a correct way, they generally felt not so confident in their
responses, likely because the time spent on these topics
during traditional and transformative instruction was not
sufficient to allow a deeper understanding of the targeted
concepts. However, we believe that further investigation is
required on this specific issue. An alternative explanation
may be strictly related to the chosen content, i.e., intro-
ductory QM. While the observed response pattern for
knowledge items is the same as the ones observed in areas
in which the absence of personal experience hinders the
creation of a coherent interpretation framework, QM may
be still perceived a priori as difficult by students because of
the expected high level of formalism, abstractness, and
complexity of experimental apparatuses [71]. However,
further research is warranted to find out the extent to which
such perception actually affects the confidence in one’s
own performance.

VI. CONCLUSIONS AND FUTURE RESEARCH

Confidence is an important metacognitive construct that
concerns the self-assessment of one’s own knowledge.
Previous studies have shown a significant correlation
between confidence and self-regulatory processes during
learning and decision making [72-75]. However, when
students’ judgment is not calibrated with the actual per-
formance, underconfidence or overconfidence biases arise.
Overconfidence bias, in particular, is a specific bias in
beliefs that induces deviation from payoff-maximizing
behavior [76]. The purpose of this study was to investigate
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how instruction affects overconfidence bias at the high
school level using an underexplored but meaningful context
like introductory QM. We chose this area in physics
because of some didactical peculiarities that may have
contrasting effects on students’ confidence: (i) it involves
challenging but fascinating topics; (ii) it is previously
taught in chemistry classes; (iii) some concepts have
different meanings than in classical physics.

Previous studies in physics education have investigated
how overconfidence at the item level may signal the
presence of misconceptions [27]. For instance, in mechan-
ics, such misconceptions may be related to strong mental
models, which are alternative to Newtonian dynamics [34].
In electromagnetism, previous studies found lower con-
fidence and hence concluded that likely students lack
strong conceptual models [30]. The present study contrib-
utes to the field showing that the overconfidence bias at the
person level arises also in a content area, as introductory
QM, where misconceptions are not so deeply rooted in
student’s cognition. Our findings support the idea that
students do not hold a coherent framework to interpret the
behavior of the quantum world, even though they were
previously taught about these concepts in chemistry classes
or in extracurricular activities. On the contrary, such
previous experiences may act as potential causes for
overconfidence.

Using the revised construct map about introductory QM
topics [47], we also showed that overconfidence bias
decreases as students progress along increasingly complex
levels of understanding of the target concepts. By control-
ling the instructional variable, we can claim that the guided-
inquiry activities in which the TLS group was involved
successfully reduced overconfidence bias. Among the
proposed activities, those in which students were prompted
to recall topics already learned in chemistry classes, such
as, e.g., how the atomic structure influences the behavior of
metals, insulators, and semiconductors, had likely helped
students review and better assess their own knowledge.
Similarly, asking students to assess, through group dis-
cussions and reflections, the strength of their prior knowl-
edge in physics and chemistry, likely helped students
develop more accurate outcome expectations.

Our study also adopted a different methodological
approach from previous ones, focusing on confidence bias
at the person level and evaluating accuracy and confidence
together using a 1D Rasch model. Rasch analysis allowed
more sophisticated psychometric computations of the
overconfidence bias construct. In particular, calibration
intervals were suitably coded using differential person
functioning (DPF) contrast probabilities to focus on stu-
dents’ overconfidence bias. The reason for using the 1D
Rasch model was that a consistent definition of confidence
bias requires the evaluation of conceptually different
constructs—confidence and ability—on the same linear
scale using the same measurement unit. When using the

logit unit, we address methodological issues related to the
use of raw data, which have only ordinal validity and
cannot guarantee linearity, unavoidably resulting in a scale
distortion. The reported statistics, PCA of residuals, and
analysis of the confidence rating scale confirm that the data
well fit the Rasch model so that used questionnaire, which
combines knowledge items and confidence scale, can be
considered psychometrically sound.

Future studies are worthwhile to investigate the role of
other variables that may influence overconfidence bias at
the person level and that we did not include in our research
design. First, as suggested in Refs. [2,3,69], intrinsic
interest and perceived encouragement may significantly
impact students’ confidence. Further research is needed to
establish whether these constructs favor calibration or
overconfidence bias. Along with prior work, the present
study suggests that high performance correlates better with
calibration and underconfidence, but it is not clear why a
better knowledge should limit self-confidence. If confi-
dence is a mediator for interest, then not all high perform-
ing students may have a specific interest in the topic and
therefore their perceived confidence may be lower than
expected. Similarly, more research is needed to understand
if the extrinsic value of physics (e.g., if studying physics
is perceived as necessary to do well at university or to
get a desirable job) may influence overconfidence bias.
Similarly, further research is needed to establish whether
the perception of the discipline (namely, considering
physics as more difficult in comparison to other disciplines)
can influence student’s confidence in evaluating their
performance. In this study, we found that high-ability
students were slightly underconfident, so that a possible
effect of the perception of QM as difficult could be at play.
While the perception of a discipline may be an unavoidable
issue in high school and university teaching, one’s own
confidence in completing a task in physics may be
influenced by the extent to which one may think they
are doing their best—when actually they are not performing
well—simply because physics is perceived as a hard
science and not because they have strong misconceptions
or lack mathematical and problem-solving skills [35].

As a concluding remark, our results suggest putting more
effort into physics education research on investigating how
to support metacognitive strategies by means of systematic
instruction in order to help students better calibrate their
accuracy and confidence.

VII. LIMITATIONS

A number of limitations must be acknowledged when
interpreting the results. First, in this paper, we limited the
analysis to a dichotomous scoring. Further research is
needed to investigate if the scoring method may have a
significant effect on the measure of overconfidence bias, an
effect that was overlooked by previous studies, and which
we plan to address in a forthcoming paper. The ordered
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multiple-choice approach, by giving a credit also to
partially correct answer choices, may provide a more
accurate estimate of the students’ performance, and hence
of the overconfidence bias, signaling it only when it can
really impair students’ learning. Reasoning strategies
corresponding to such partial answer choices can be
important levers on which to build new scientifically
correct knowledge, especially in content areas as introduc-
tory QM when extra efforts are required to students to
bridge their existing knowledge about classical physics
toward the QM knowledge. Finally, literature suggests that
gender may be an important variable when studying over-
confidence bias. Unfortunately, for various reasons, we did
not record gender in the present survey. Hence, we are
planning a new administration of the questionnaire with
different classes to investigate the role of gender on
overconfidence bias.
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APPENDIX: DEFINITION OF THE CONSTRUCT
MAP LEVELS USED IN THIS STUDY [47]

Upper level.— Students at this level grasp the concepts of
chemical bond and of molecular orbital. They distinguish
between conductors and insulators in terms of energy bands.
They know that only the conduction-band electrons con-
tribute to the electrical current in metals and that the number
of charge carriers can be changed in semiconductors. They
can qualitatively discuss how LED and solar cells work.

Intermediate level —Students at this level know that the
Heisenberg principle sets an intrinsic limit to the possibility
to determine the particle law of motion and trajectory and
that it also constrains measurements errors in the quantum
limit. They are also able to qualitatively explain the atom
stability by using the uncertainty principle. They know the
electronic structure of atoms in terms of energy levels and
can compute the energy of emitted or absorbed photons in
terms of levels difference. They are acquainted with the
probabilistic interpretation of atomic orbitals.

Lower level —Students at this level know that classical
physics cannot fully explain the interaction between matter
and radiation. They can use Planck’s constant 4 to compute
photon energy. They qualitatively know that matter atoms
exchange energy with radiation by emitting and absorbing
photons.
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