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Abstract. Laboratory courses are an essential part of physics education, and the
focus on laboratory skills has recently been emphasized. We evaluated the effect
of skills-oriented laboratory courses on data processing skills with the Concise
Data Processing Assessment (CDPA). Though no overall improvement occurred,
changes in answering patterns in CDPA occurred. The students showed favoura-
ble shifts in their answer patterns for items dealing with fit-ting error but small
declines in identifying power laws in data. This is likely due to course curriculum,
which emphasized fitting. Although the sample size is small, the results indicate
that CDPA answers can provide information on learning of specific topics even
if changes in the overall score are mini-mal. The measured data processing skills
did not correlate with expert-like attitudes (as measured by the Colorado Learn-
ing Attitudes about Science Sur-vey for Experimental Physics) or course grades.
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1 Introduction

Laboratory work is an essential part of most university physics education. However,
traditional laboratory work does not foster conceptual understanding [1] and laboratory
works are most useful in teaching students skills rather than physical concepts, which
is why the American Association of Physics Teachers recommends assigning skills-
based learning goals to laboratory courses [2]. One important skill to learn is data pro-
cessing and error estimation. The ability to understand the reliability of data is a funda-
mental skill for any scientist, and for physicists, a natural surrounding for learning this
skill is the laboratory where the data is produced. However, there are few standardized
tests for measuring data processing skills. One such test is the Concise Data Processing
Assessment (CDPA) [3], which is a multiple-choice test that consists of ten questions.
In CDPA, first-year students typically score points corresponding to pure guess (23.5%)
and faculty score on average 80% [3].

In addition to skills, interest in the PER community has recently focused on the de-
velopment of expert-like attitudes during laboratory courses. Use of the Colorado
Learning Attitudes about Science Survey for Experimental Physics (E-CLASS) [4] has



shown that generally, traditional laboratory courses have a detrimental effect on the
expert-like attitudes, whereas courses that focus on skills see small improvements [5].

The intermediate (2nd to 3rd year) laboratory courses at the University of Helsinki
are a pair of half-semester long courses, which span the spring term. The courses have
been reformed with a focus on learning goals [6]. The reform led to a high attainment
of learning goals. While the students attained the learning goals of the courses, expert-
like attitudes (as measured by E-CLASS) remained unchanged [6]. The teachers and
students were satisfied with the course, but to study the relationship between learning,
student attitudes and student experience further, we administered the CDPA survey and
the E-CLASS survey, and compared the results to course grades. The goal was to see
whether favourable attitudes towards experimental physics correlate with data pro-
cessing skills before or after instruction. Their correlation with the grades were also
measured. The grade summarizes the learning goals of the course, which includes but
is not limited to data analysis skills and expert-like practices in the laboratory. The
research questions are thus whether the standardized instruments measure learning in
this course, and whether the course learning goals reflect all of the aspects to which we
aspire.

2 Data collection and analysis

The responses to the surveys were collected as part of the course calculation exercises,
and credit corresponding to a single problem was awarded for participation. Only the
responses of the participants who gave consent for use of their responses in research
are included in the analysis. The response rate for each questionnaire was high, 70-
90%. The amount of students who answered both CDPA questionnaires was 26, and
students who answered both CDPA questionnaires and the E-CLASS pre-test was 22.

The CDPA survey was administered during the first week of teaching and after the
mid-term break, at the beginning of the second course, when the relevant material had
been covered. The E-CLASS surveys were administered during the second week of the
first course and at the end of the second course. The surveys were spaced out to reduce
the burden on a single week.

The CDPA was scored simple awarding 1 point for each correct answer. The nor-
malized gain g of CDPA was calculated from
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where post and pre are the scores of the post- and pre-test, respectively [7].

The E-CLASS survey was asked both with the formulation “What do you do when
performing an experiment” and “What would an experimental physicist say”. The E-
CLASS survey was marked by collapsing the 5-point Likert scale (strongly agree —
strongly disagree) into categories of agree, disagree and neutral with respect to the ex-
pert answer, and assigning 1, -1 and 0 points for these response types, respectively [4].

In addition to the survey results, the data set consists of students’ grades from the
first course. These grades are overall grades of the course; grades of individual learning



goals were not available. Grades were administered on a scale of 0-5, where 0 is fail, 1
the lowest passing grade and 5 the highest grade. No students achieved grades of 0-1
on this course.

3 RESULTS AND DISCUSSION

3.1 3.1 Student understanding of error

The average CDPA students on the intermediate laboratory course was (4.04 £ 0.41) in
the post-test. Day and Bonn reported values of 3.03 and 4.73 for second and fourth year
students, respectively [3]. The students on the intermediate laboratory course are gen-
erally second- to third year students, but some are older.

The CDPA score showed no change with instruction. The results from the pre- and
post-tests are shown in Table 1. The item difficulty varied significantly, and largely
followed that presented in [3]: items 1, 5 and 6 were the most difficult. The only major
deviance from this was the difficulty of item 4, in which the University of Helsinki
students did more poorly than could be expected. This item concerns a log-log plot with
a power law.

Table 1. CDPA scores (N = 26), average score. Overall score with standard error of the mean
and scores for individual questions pre- and post instruction, gain and normalized gain g.

Item Pre Post Gain g
Overall 3.92+0.35 4.04 +0.41 0.12+0.35 -0.01+0.06
Question 1 0.23 0.31 0.08

Question 2 0.77 0.77 0.00

Question 3 0.31 0.35 0.04

Question 4 0.27 0.31 0.04

Question 5 0.08 0.19 0.11

Question 6 0.12 0.12 0.00

Question 7 0.62 0.46 -0.16

Question 8 0.58 0.46 -0.12

Question 9 0.77 0.69 -0.08

Question 10 0.35 0.35 0.00

While no change in the overall score emerged, some answering patterns warrant a
closer look.

The two most difficult questions, items 5 and 6, concern linear fits of data with error
bars of varying size. The improvement for the correct choice was modest for question
5 and zero for question 6, but there was a marked shift in the answers (Table 2). The
right answer, naturally, was to fit the line to best match the data points with the smallest



error bars (choices 5b and 6a, respectively). The answer choices were as follows (for
question 5)

a) weighing of more uncertain data points

b) (correct) weighing of more precise data points

c) unweighted fit

d) intermediate fit weighing more precise data points somewhat more than the un-
certain ones

For question 6, the answer choices were

e a) (correct) weighing the most precise data points

e b) unweighted fit

e ) touching the most error bars

o d) fitting an equal amount of data points below and above the line

Prior to instruction the most popular choice for question 5 was the unweighted fit (5c,
17 answers), with the moderately weighted choice (5d, 7) being second. Post instruc-
tion, the percentages were almost reversed (6 and 14 answers for 5¢ and 5d, respec-
tively). In addition, the amount of correct answers had increased slightly (Table 2).

For question 6, the pre-instruction favourite was equal amount of points over and
under the fit (6d, N = 16) with the fit touching most error bars being second (6c, N =
6), and the correct option third (6a, N = 3). The prevalence of 6¢ increased in the post-
test, though the changes in the answer distribution are less marked than for item 5.

The changes in the answer patterns in particular to question 5 suggest that while the
students have not fully grasped the extent to which the differences in error of data points
affect fitting, they are aware that the error bars play a role. Answers that consider error
bars were more common after instruction.

Table 2. CDPA answers for items 5 and 6 (N = 26). The right answer is underlined and the wrong
answer, which still considers error bars (for questions 5 and 6), is in italics.

Question 5 a b c d
pre-test 0 2 17 7
post-test 1 5 6 14
Question 6 a b c d
pre-test 3 1 16
post-test 3 3 11 9

However, is it fair to interpret these shifts favourably, when there are questions with
non-favourable changes? The questions with the largest losses in right answers con-
cerns identifying a power law graph (question 7) and identifying a power law in a table
(question 8). In both questions, the incorrect assumption of exponential relationship is
somewhat more common in the post-test. The other wrong choices have the correct



power law with incorrect units (7d, 8b and 8c). The answer distributions to these ques-
tions are shown in Table 3.

Table 3. CDPA answers for items 7 and 8 (N = 26). The right answer is underlined and the
answers containing exponentials are in italics. Answers with incorrect units are marked with as-
terisks.

Question 7 ax b c d*
pre-test 4 5 16 1
post-test 3 9 12 2
Question 8 a b* c* d
pre-test 15 3 4 4
post-test 12 6 3 5

Power laws do not feature in the intermediate laboratory courses, however, expo-
nentials and (semi)logarithmic plots do. Post-instruction, students opted slightly more
for exponentials, which shows they may have opted for familiarity. In addition, the skill
to recognise power laws are not explicitly taught on the laboratory courses or any pre-
vious course (Szabolcs Galambosi, private communication) which may explain both
the declining results of items 7 and 8 and the surprising difficulty of item 4, which also
concerns a power law.

The third question with a negative gain, item 9, concerns rounding and measurement
error of a scale measuring the mass of several objects, when the mass of one was known.
Here, students were more prone to overestimating the error in the post-test by conflating
the rounding error and the resolution of a scale (Table 4). The answer choices to ques-
tion 9 were, in order:

e a) (correct) propagation of rounding error

¢ b) conflating the uncertainty of the mass of one object to that of the resolution of the
scale

¢ ¢) conflating the rounding error of a single measurement to the resolution of the
instrument (considered by some experts to be correct)

¢ d) ignoring uncertainty entirely

¢ ¢) not treating the rounding uncertainty symmetrically.

Hence, some students changed their answer from correct to overestimating the error,
according to the CDPA scoring. However, some experts also consider this overestima-
tion (9c) the correct choice [3], as the error of a measurement device is usually larger
than just the rounding error. Indeed, during the laboratory course, the students famil-
iarized themselves with instrument manuals that consistently state that the instrumental
error is a function of, and larger than the resolution. Scales did generally not feature the



students’ design of lab experiments, but the uncertainty of e.g. multimeters had to be
considered in error calculations.

Table 4. CDPA answers for item 9 (N = 26). The right answer is underlined and the answer that
considers measurement error larger than rounding error is in italics.

Question 9 a b c d
pre-test 20 3 3 0
post-test 18 1 7 0

As such, the conclusion is that there are small signals that the instruction affected
the students’ answer both for better and for worse. In linear fits, the students were more
likely to choose answers that considered error bars, whether or not to the necessary
degree. However, non-exponential relationships were slightly increasingly identified as
exponential. Of course, with such a small sample, in particular the smaller changes in
answers are likely to be the product of chance. The large change in the answering pat-
tern to item 5 likely indicates that students learned to consider the error bars during the
course, even if they were not able to correctly interpret the necessary weighing.

4 Correlation of expert-like attitude, experience and skill

The correlations between E-CLASS (pre-test) and CDPA scores is presented in Ta-
ble 5. The number of complete datasets dropped to 22, and dropped further, when the
E-CLASS post-test was added. For this reason, the E-CLASS post-test is not considered
here, as the reliability of any results would decline further.

Table 5. The correlation coefficient r between CDPA pre-instruction and post-instruction scores,
CDPA normalized gain g, E-CLASS scores for questions phrased “What do you think when
doing labs” (E-CLASS own) and “What would an experimental physicist say” (E-CLASS phys)
and grade. N = 22.

CDPA CPDA CDPA E-CLASS E-CLASS

pre post g own phys Grade
CDPA pre 1
CPDA post 0.50 1
CDPAg -0.37 0.55 1
ECLASS own 0.04 0.10 0.10 1
ECLASS phys -0.10 0.24 0.27 0.45 1
Grade -0.03 0.04 0.09 0.27 0.21 1

Curiously, there seems to be no correlation between CDPA scores and neither the
student’s expert-like attitudes nor their perception of expert attitudes, as measured by
the E-CLASS questionnaire. CDPA and E-CLASS results did also not correlate with



the students’ grades from the laboratory course (Table 5). This is surprising, as we ex-
pected students who understand error analysis better to achieve higher grades. On the
other hand, no very low-achieving students attended the course, which may skew the
results.

The grading rubrics on the course were based on learning goals and explicitly cov-
ered data processing. The absence of correlation between CDPA scores and grades may
be due to obfuscation by the other learning goals, such as experiment design, report
writing and programming skills. As previously discussed, the CDPA covers a variety
of topics that did not feature on the course. The students on these courses generally
reached the established learning goals and the students considered the course useful and
challenging [6].

The low correlation between CDPA normalized gain and post-test scores (r = 0.55,
adjusted r? = 0.27) is statistically significant (p < 0.01) but simply explained by that the
students, who improved their score during instruction, were more likely to do better on
the post-test. The very modest negative correlation between CDPA pre-test score and
gain, which could indicate that students were more likely to learn error analysis if their
prior knowledge was higher, was not significant (p > 0.05).

5 CONCLUSIONS

Classifying and identifying the CDPA answers indicates that students on the inter-
mediate laboratory courses paid more attention to the effect of measurement error in
linear fits, a topic that featured heavily in the exercises on the courses. The students
found questions involving power laws more difficult than expected. An examination of
the curriculum shows that they are rarely exposed to data for which they need to find a
suitable model without constraints, and power laws do not feature on courses except in
specific contexts. This warrants a critical look on the curriculum.

Expert-like attitudes did not correlate with data processing skills or achieving the
general learning goals of the course, as measured by student grades.

Overall, CDPA seems to provide useful information on specific improvements and
problems in the students’ knowledge even when changes in overall score are not pre-
sent. As such, it is a useful tool for probing not only the level of student knowledge but
common misconceptions.
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