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Abstract

The reported research is about the difficulties that pre-service
physics teachers experience when they judge the quality of
experimental results to draw conclusions. Thirty-six pre-service
physics teachers participated in the study, enrolled in six semesters
(six participants in each semester). They designed, conducted
experiments, analyzed the results, evaluated the quality of
experimental evidence and finally, evaluated the whole
experimental procedure. In addition, the participants were
provided with experimental results not collected by themselves
(secondary sources data) and were asked to judge the quality of
collected evidence and conclusions. Data sources include
laboratory reports for each experiment and exam papers,
supplemented with individual interviews. A qualitative and
quantitative data analysis identified trends within the participants.
Findings show that pre-service physics teachers have difficulties
with the concepts of experimental validity, measurement
reliability, accuracy and precision. Furthermore, they have
difficulties in putting such concepts together to judge how well
they can rely upon evidence to draw conclusions. The participants
also demonstrate difficulties with sources of experimental errors
and do not make the distinction between random and systematic
errors. In particular, they are confused when they reason about
what it is that “gets better” when one takes repeated
measurements. It is argued that there is a need for specialized
programmes of teacher education to address the development of
laboratory skills (i.e. evaluation of experimental evidence) so that
preservice teachers become confident in teaching in the physics
laboratory in secondary schools. Implications for teaching practice,
curriculum development and further research have been
discussed.
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Introduction

According to many school science curricula, secondary students should know how to evaluate
their own experiments and secondary sources experimental evidence. That is, secondary students
should demonstrate a good understanding of reliability and validity of scientific evidence.
Measurement reliability and experimental validity are the most common ideas in the secondary school
physics laboratory. Such understandings related to the evaluation and laboratory skills are usually
under-represented due to the prevalence of confirmatory laboratory courses in many secondary and
post-secondary science programs. This results into students’ inability to critically evaluate scientific
claims (Albers, Rollnick, & Lubben, 2008; Leach, 1999).

In this research study, the aim has been to explore pre-service teachers’ understandings closely
related to the quality of experimental evidence. Findings from this research will guide the development
of a course for pre-service physics teacher preparation.

The undergraduate years are a turning point in producing scientifically literate citizens and
future scientists. We want secondary school students to gain experience and confidence in the lab so
that they are prepared for employment and higher education. In their turn, science teachers play an
important role in preparing scientifically literate citizens and competent candidates to enter the science
departments. Science teachers are responsible for the preparation of the next generation of scientists.
Well-prepared teachers are of critical importance for student learning and achievement (National
Research Council, 2001).

The research discussed in this paper, was influenced by Gott and Duggan’s (1995, 1996) position
that students, when in the laboratory, call upon a distinct set of conceptions regarding the reliability
and validity of scientific evidence when designing and conducting experiments and when evaluating
the resulting evidence and conclusions. In simpler words, when students are asked to judge the quality
of experimental evidence or evaluate their own experiment, they should deal with the two following
issues:

e (Can the data be believed?

e Can the data answer the questions?

According to Gott and Duggan (1995, 1996), experimenters need to demonstrate related
understandings, which are necessary to explore scientific evidence thoroughly. The same researchers
argued that decisions in the lab should be underligned “by ‘the thinking behind the doing’ of science
and include concepts such as deciding how many measurements to take, over what range and with
what sample, how to interpret the pattern in the resulting data and how to evaluate the whole task” (p.
186). The same arguments was furthered by Roberts and Johnson (2015) who argued in favour of the
‘thinking behind the doing’ in scientific practice.

Conceptual and Theoretical Background of the Study

In the physics laboratory, when one evaluates experimental evidence, s/he should consider
important concepts like the validity of an experiment and the reliability of measurement. Experimental
validity incorporates suitable equipment, identification of variables and appopriate measuring
procedures. Reliability of measurements refers to the consistency of measurement procedure (Taylor,
1997). A reliable experiment has results which can be obtained consistently. To ensure that the results
are reliable, the experiment must be repeated and consistent results to be obtained (within an acceptable
range error). As Lewin and Goldstein (2012) wrote: “The measurement that you make without the
knowledge of uncertainty is meaningless”. When the random uncertainties in an experiment are small,
the experiment is called precise. Precision tells how sure you are of your measurements, regardless of
whether your measurement is accurate or not (Bevington & Robinson, 2003; Taylor, 1997). When the
systematic uncertainties in an experiment are small, the experiment is accurate. Accuracy is a measure
of how close one value is to the accepted value.
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Evaluation includes a critical appraisal of the reliability and validity of the experimental
procedures being followed. Evaluation of experimental evidence and procedure should be based on the
knowledge of what ‘counts’ as evidence. There are ‘rules’ in science that help to understand what
‘counts’ as evidence and lay the foundation for ‘good” quality of evaluations. In the evaluation section
of a physics lab report, the key main aspects that should be considered and included are, as follows:

e To look critically at the results to judge how well one can rely upon evidence from the
experiment to draw conclusions.

* To comment on whether the results are accurate, supporting this with specific data, e.g., % error
calculations.

e To comment on whether results are valid and reliable - could other factors have affected the
results, would this have been significant, is there any evidence for this?

¢ To identify and account for any anomalous results (due to inaccuracies in the procedure and/or
measurements).

¢ To talk about limitations in the experiment and suggest possible improvements (specific detail
required).

¢ To talk about specific proposals for further work that would improve or add to the evidence.

Central to the development of this study is the recommendations from three major research
reports for the teaching in the laboratory in the USA. Firstly, in the America’s Lab Report entitled:
“Investigations in High School Science”, it was underlined that the “Pre-service education for science
teachers often does not directly address laboratory experiences and does not provide teachers with the
knowledge and skills needed to lead laboratory experiences” (Singer, Hilton, & Schweingruber, 2005,
p. 1). Also, “undergraduate education of future high school science teachers does not currently prepare
them with the pedagogical and science content knowledge required to carry out such teaching
strategies” (Singer et al., 2005, pp 5-6). In the same report, it was concluded: “Improving high school
science teachers’ capacity to lead laboratory experiences effectively is critical to advancing the
educational goals of these experiences. This could require major changes in undergraduate science
education, including providing a range of effective laboratory experiences for future teachers and
developing more comprehensive systems of support for teachers” (Singer et al., 2005, p. 216).

Secondly, in the Report “Taking Science to School”, it was emphasized that “instruction needs
to build incrementally toward more sophisticated understanding and scientific practices. (...) Practices
can be supported with explicit structure, or by providing criteria that help guide the work”. (Duschl,
Schweingruber, & Shouse, 2007, p. 251).

Thirdly, according to the American Association of Physics Teachers (AAPT) (2014, 2017)
Reports for the undergraduate physics laboratory, the aim is for secondary school and undergraduate
students to be able to design experiments, develop technical and practical skills, analyze and visualize
data and communicate physics. Also, undergraduate physics students need to learn how different
measurement procedures result in different uncertainties, design improvements to measurements, learn
to break down components of experimental design, design experiments to test assumptions and
understand limitations of measurement instruments. In addition, students need to know how to
communicate their methods, results and findings, with an emphasis on the “why”. The American
Association of Physics Teachers (AAPT) recommended that explicit instruction should help students
reflect on and interpret scientific evidence.

However, in physics departments, as McDermott (1990) explained, it is often assumed that, the
participation of physics students in regular undergraduate science laboratory courses provides them
with the required knowledge and skills to teach in the physics laboratory. This assumption stands in
parallel with the belief that the more rigid and difficult modules one attends in undergraduate
programs, the better and well-prepared physics teacher will be (McDermott, 2014).
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Yet, little is known about pre-service physics teachers’ understanding of experimental evidence.
Research needs to be undertaken to look at how and with what criteria preservice physics teachers judge
the quality of experimental results and evidence because such an issue did not receive much attention
in research.

Research Into Students’ Difficulties When Evaluating Experimental Evidence

Many undergraduate physics and secondary school students experience difficulties in the
laboratory. The literature provides a range of difficulties encountered and common mistakes made in
the physics laboratory. In particular, Boudreaux, Shaffer, Heron, and McDermott (2008) investigated
the ability of undergraduate students to reason on the basis of the control of variables. The participants
were undergraduate physics students and asked to decide whether a given variable influences the
behavior of a system. They found out that although most of them recognized the need to control
variables, many had significant difficulty with the underlying reasoning. More studies provide a range
of misconceptions related to experimental validity showing that many students do not possess
appropriate conceptions of controlled experimentation. Findings of research studies suggest that
secondary school and undergraduate students often hold limited understandings of the experimental
validity of scientific evidence (Leach, 1999).

Lubben and Millar (1996) investigated children’s understandings of reliability of experimental
data, calculation of error and measurement error by using a written survey instrument. More than 1000
students aged 11, 14 and 16 years old children participated and were asked to make judgements about
the importance of repeating measurements and about the interpretations of data variability. A range of
ideas about the function of repeat measurements, how to handle repeat measurements and anomalous
readings and the significance of the spread of a set of repeated measurements emerged.

Studies on performance on lab work questioned the assumption that undergraduate students
understand the nature of measurement and experimentation (Lubben, Campbell, Buffler, & Allie, 2001;
Séré, Journeaux, & Larcher, 1993). After completing a traditional laboratory course, many
undergraduate students have ideas about measurement that are inconsistent with the generally
accepted scientific model. For example, as Séré et al. (1993) found, a large proportion of undergraduate
students view the ideal outcome of a single measurement as an “exact” or “point-like” value. Research
into the experimental procedures used by French physics undergraduate students (freshmen) with
regard to data handling (Séré et al., 1993) showed that many students hold beliefs about the existence
of a single “true” value for a measurement and therefore, attribute any variation in repeated
measurements to mistakes. Séré et al. (1993) also concluded that even the correct use of statistical
procedures seldom indicates an appreciation of the purposes behind such procedures, or an
understanding of how to assess the reliability of data. Only if a measurement is considered really “bad”,
would it then be reported in terms of an interval (Lubben et al., 2001).

Two types of reasoning used by students in the laboratory, via point and set reasoning, were
proposed and used to classify students’ responses. Point reasoning is characterized by the underlying
notion that each measurement could be in principle be the true value. As a consequence, a measurement
is perceived in leading to a single “point-like” value rather than establishing an interval. This way of
thinking manifests itself in the belief that only one single measurement is required to establish the true
value, as indicated in the work of Séré et al. (1993). Set reasoning is characterized by the notion that each
measurement is only an approximation to the true value. As a consequence, a number of measurements
are required to form a distribution that clusters around some particular value.

Estimating measurement uncertainties is important for experimental scientific work. However,
this is very often neglected in school curricula and teaching practice (Priemer & Hellwig, 2018). Research
findings suggest that undergraduate physics and secondary students do not always properly
understand, for example, the need for repeated measurements (Grant, 2011, Lubben & Millar, 1996). If
students take a series of measurements for any reason, or they are shown a series of measurements, they
select a recurring value or the one-to-one comparison of data values. They hold various misconceptions
of repeated trials.
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Secondary students and undergraduate physics students hold various understandings of the
collection and evaluation of experimental data. For example, Allie, Buffler, Kaunda, Campbell, and
Lubben (1998) found that undergraduate physics students demonstrated various strategies to handle
an anomalous data point. They found out that approximately half of the undergraduate physics
students considered variance in their evaluation of the reliability of data. Other researchers observed
students’ difficulties with the notion of the mean as a representation of multiple measurements (Leach,
1999). Secondary and undergraduate students often hold naive notions of the rationale of repeated
trials, appropriate treatment of anomalies, and the role of variance in establishing reliability. The
findings range from primary level (Varelas, 1997), middle and high school (Foulds, Gott, & Feasey, 1992)
and in undergraduate science courses (Allie et al, 1998). What is more worrying is that many
undergraduate physics students seem to show similar misunderstandings related to the collection and
evaluation of experimental data (Gott & Duggan, 1995). “Ideas about data evaluation are particularly
poor” (Gott & Duggan, 1995, p 84).

A report on a small-scale study that explored university staff views on laboratory skills in new
undergraduates within the Russell Group Universities (i.e. the top 24 research Universities in the UK)
also concluded that students were commencing university, lacking not only appropriate skills but also
the confidence to carry out practical work within a laboratory (Grant, 2011). Both Grant (2011) and
Gatsby (2012) found out that practical skills had declined over the last years and that a factor in the lack
of practical skills was the ‘limited exposure to practical work at school’ (Gatsby, 2012, p. 2).

In France, Caussarieu and Tiberghien (2017) explored how a first-year university physics course
deals with measurement uncertainties in the light of an epistemological analysis of measurement. They
found that the instructors’” expectations are that students systematically estimate uncertainties so that
they become aware that measurements and calculations are never exact. However, since uncertainties
are not specified for the values given in the laboratory guides, uncertainties are often missing from the
results of students’ calculations. Another study, carried out in Spain by Crujeiras-Pérez and Jiménez-
Aleixandre (2017), explored students’ interpretation of data, in particular anomalous results generated
by them when carrying out experiments and their ability to monitor them. Such study revealed
understandings related to the identification of anomalous points and explanation of sources of errors.
The literature reports that many students have difficulties in understanding errors (Lippmann Kung,
2005; Lubben & Millar, 1996; Séré et al., 1993).

At the University of Duisburg-Essen, a very recent study by Eshach and Kukliansky (2018) has
showed that students with less laboratory experience use intuitive rules more frequently than students
with more laboratory experience. They concluded that understanding the influence of intuitive rules on
students’ performance, when dealing with experimental data, may be a great help to educators in
designing better learning environments to address related science practices. Many scholars like
Kalthoff, Theyssen, and Schreiber (2018) have argued in favour of various more or less explicit
instructional approaches for the promotion of experimental skills in the training of school teacher
students.

107



Education and Science 2019, Vol 44, No 199, 103-126 O. Gkioka

Method

The research question guiding the reported study was: “What are the difficulties that pre-service
physics teachers experience when they evaluate experimental results and the whole experimental procedure?”

The Context of the Study

The study took place within the context of the course “Secondary Physics Lab Applications” of
the pre-service teacher education program in a Department of Physics Teaching. It is taught for five
hours per week for thirteen (13) weeks a semester. Thirty-six (36) pre-service physics teachers
participated in the study registered in six semesters (six participants in each semester). Thus, the
participants were the undergraduate students who registered for the course. No selection or changes
were made to the students who registered for the course. Thus, such study included convenience
sampling. All of them had completed four undergraduate compulsory laboratory courses in the Physics
Department.

During the course, the participants revised the concepts of precision, accuracy, validity and
reliability of evidence. They also carried out physics experiments without being provided with detailed
guidelines. Indeed, they performed experiments starting from revising the relevant theory and deciding
on an aim of the experiment. They, then, designed their own plan for collecting data and performed the
experiment (Task 1). In Task 1, students should design a controlled experiment to find out which
insulating material (among three different) is the best to preserve hot water. Pre-service teachers are not
provided with detailed instructions by the teacher or the handout (lab guide). This is different from the
introductory undergraduate physics laboratory classes in which, after performing an experiment, they
should answer some questions. In their physics lab courses, students followed a lab manual with step-
by-step instructions and build-in guiding questions to do measurements, calculations, plotting and
occasional uncertainty analysis. After the experiment, they prepared and submitted a laboratory report.

The insulation experiment
Investigating how the temperature of hot water falls down in three similar cans each wrapped with
three different insulating materials.

1. What variables do you think affect the temperature of hot water in a can wrapped with an
insulating material?

2. How does each variable affect the temperature of hot water while it is cooling down and its rate?
I'would like you to design an experiment that would allow you to decide which of the three materials
is the best for insulation. After you are finished, you need to describe how you plan your experiment,
obtain evidence, analyze and explain your data, as well as how you evaluate your experiment.

Task 1. Insulation Experiment

The conducted experiments are those which are usually included in science curricula and
mostly they are controlled experiments or simply “fair” tests. The following Table (Table 1) presents a
list of experiments.

Table 1. List of Experiments

List of Experiments

Hooke’s law Exp 1
Free fall Exp 2
Simple pendulum motion Exp 3
Insulation experiment Exp 4
Measurement of resistance - Ohm’slaw ~ Exp 5
Refraction and reflection Exp 6
Friction Exp 7
Electromagnetic induction Exp 8
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The university is a research public one and the official language is English. Also, teaching and
all coursework has been in English.

The reported study is a part of a bigger research project (Gkioka, 2019), which aimed to develop
tasks to elicit pre-service physics teachers’ understandings of experimental procedure. For the purpose
of this paper, the focus will be only on pre-service teachers” evaluation of experimental results. Thus,
the participants were taught the criteria of what makes a good quality lab report and about what should
be included in each section (i.e., in the evaluation section). Table 2 presents the main points that should
be included in the evaluation.

Table 2. The Content of the Evaluation Section of the Laboratory Report

What needs to be included in the evaluation section of the laboratory report?
to look critically at the results to judge how well one can rely upon evidence from the experiment to
draw conclusions (E1),
to comment on whether the results are accurate, supporting this with specific data, i.e. % error
calculations (E2),
to comment on whether results are valid and reliable-could other factors have affected the results,
would this have been significant, is there any evidence for this? (E3),
to identify and account for any anomalous results (due to inaccuracies in the procedure) (E4)
to talk about limitations in the experiment and suggest possible improvements (E5) and finally,
to talk about specific proposals for further work that would improve or add to the evidence (E6).

Research Methods and Data Sources

The study utilized qualitative case study research methods (Stake, 1995; Yin, 2017) in an effort
to collect in-depth and comprehensive information about the participants’ conceptions of scientific
evidence. Stake (1995) defined a case as having specific boundaries in terms of one phenomenon, time
and place. For the purpose of this study, the boundaries are the teaching context of the course, within
which the research took place. Also, the study is limited to the context of this University and the teacher
education system of Turkey. However, in physics education research, undergraduate physics students
demonstrate the same difficulties beyond educational systems and countries (McDermott, 2014). The
main data sources for this study included:

1. Collection of submitted laboratory reports for their own experiments. The aim was to explore
pre-service physics teachers’ difficulties in evaluating scientific evidence and writing the evaluation
section of laboratory reports. The participants performed some experiments and did the write-up of the
laboratory report.

2. Collection of students” work on written tasks in which the participants were asked to judge
the quality of data sets and a procedure that other experimenters followed and evaluate those data. The
main question was: “Do you trust these data and their conclusions?” It is important for respondents to
make their reasoning clear. Such written tasks were developed by the researcher to draw the
participants’ attention to specific common mistakes and misuderstandings, as documented in the
literature.

3. Collection of exam (mid-term and final) papers and finally,

4. When clarification was needed, we collected more data by conducting focused interviews
with the participants. Short individual interviews were conducted at different times based on their
laboratory reports and coursework. Short task-based interviews have been effective in revealing
students’ conceptions of scientific evidence. Many of the research studies described in the literature
review utilized interview techniques (Allie et al., 1998; Varelas, 1997; Séré, 1999). A growing number of
physics education researchers have also recommended the use of task-based interview protocols. This
is consistent with prior researchers’ support of the use of in-depth interviews that surround the
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completion of a task (McDermott, 2014). Thus, such interviews are semi-structured. All interviews were
audio-taped and transcribed for analysis. Examples of interview questions are shown in the Appendix.

The principal research investigator was also the instructor of the course. The role of the main
researcher and the project assistant was made clear to the participants. The interviews were conducted
with informed consent and by following the University Research Ethics Committee protocols. Attention
was given to the research ethics (Gregory, 2003) and the associated issues (anonymity of participants
and the role of the researcher).

Data Analysis

A qualitative data analysis identified common trends across the participants. The reliability of
the analysis is based on the triangulation of the methods employed (Creswell, 1998). Qualitative
(Creswell, 1998; Miles & Huberman, 1994) and quantitative data analysis was conducted to identify
common themes among the participants. The analysis took place in two different phases. In the first
phase, we generated initial categories from laboratory reports, examination item responses and
interviews of each pre-service teacher. We constantly compared new data from the laboratory reports
and exam items (mid-term and final) with the current categories and refined them. When clarification
was needed, we collected more data by conducting focused interviews with the participants. The data
were analyzed by comparing the responses for each question both across the interviewees and through
each interviewee to identify key categories and features among teachers.

In the second phase, the analysis of laboratory reports and the development of categories were
made according to the points that an evaluation section should include (Table 2), according to the
author’s prior work (Gkioka, 2019). The same frame was also used in the teaching of the course/module.

In the results section, we will present examples of the tasks with which the participants were
presented and worked on. We also present excerpts from pre-service teachers’ laboratory reports,
particularly the section of evaluation. In the excerpts, the participants’ language has been kept as
submitted (no corrections were made by the researchers in terms of grammar and spelling in their
English).

Results

The analysis has revealed a wide range of difficulties among pre-service physics teachers when
evaluating secondary sources evidence and writing the evaluation section in laboratory reports. In
presenting the main results, the discussion will be around the following headings:

1. Understanding of controlled experiment and related reasoning: Under this heading we have
included some misunderstandings related to the same conditions under which the experiment takes
place. For example, when students design and plan how to perform the insulation experiment they
argued that the top surface of each can should not be covered, because in such way it will be much
easier for them to take the thermometer readings without mistakes. Thus, as long as they perform the
experiment under the same conditions for all insulated cans and insulating materials, “there is no
problem” (in student’s words). For them, the priority is to ensure that the three cans are under the same
conditions and not that the experiment is a controlled one. However, such decision is not consistent
with the aim of the experiment, which is to find out which material — among three — is the best for
insulation. Such a students’ priority restricts them from designing a valid experiment.

The following is an excerpt from an interview with a highly achieving pre-service student:

Interviewer (I): How did you decide to design your experiment?

Pre-service Teacher (PT): I will cover the whole surface of the three cans apart from their
top.

I: Why?
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PT: There is no problem if you do not cover all the three. You do not need a cover-lid
on the top.

I: We are interested in insulation.

PT: But we are interested in the best material. I do not think that they will differ too
much, if we cover it or not.

I: Yes, but we are doing insulation.
PT: I do not think think that we should close it.
I: Why? Can you explain your decision to me?

PT: If we put the lid, then taking measurements will be harder, there will be random
errors associated with it.

I: The insulating material should be around and at the bottom.

PT: If we do not put the cover on all the three, I think it should be a valid experiment
because we do have insulation (because of the covered part) - the top is not necessary.

2. The majority of participants rely upon comparison of prediction with the pattern of the graph
to write: “Our experiment was successful because we found the linear relationship between ..”.

“In all, our experiment was successful by seeing a linear relationship between voltage and
current. Anyway, by finding a linear relationship between voltage and current, we can say again
that our experiment was successful”

“From our experiment results, we can say that our experiment is successful. By carrying out a
fair test, we can trust our data”. (Excerpts from their laboratory reports). However, this
teacher did not explain why his experiment was a fair test.

In the case of a line graph, there are particular misuderstandings in the evaluation related to
what makes a “good” line graph. In particular, students’ reasoning is related to whether the line should
go through the origin 0 (0, 0). “We found that our graph has a linear trend. It is passing through the origin”.
Many students believe that the fact that the graph passes through the origin is important and gives a
definite measure of the success of the experiment. The same reasoning appears in the statement: “Since
the graph does not cross the origin point, I can say that the experiment is not successful”.

The graph may be exponential as in the following evaluation excerpt: “Our experiment is
successful because we get expected result that is our rate of cooling decreases”.

4) evALUATION ¢
Que  experment s sugcerful  becoube U ge;t esfocmg. NNH&({-H‘E:‘ ]b-‘\q_DUh
i aL  wee
i o ooy deres oy Ly e w80 R g
@b 2 evaluatio -~ -
-

Figure 1. Excerpt from an Insulation Lab Report (Evaluation Section)

Such an evaluation is too short. It is just one sentence in which the pre-service teacher describes
the trend of the graph. The instructor’s comment is: “You need to be serious in the evaluation”.

3. Some students rely primarily upon comparisons with theory as the main criterion. They
compare their own results with theory. Experimental results are trustworthy when they match with
theoretically predicted values. As one participant wrote in the evaluation: “Results are matching my theory
and prediction. It can be said that our experimental results are accurate”. “The experimental data match my theory
and prediction”. "1 think this experiment is successfully designed to achieve the aim. At the end of the experiment,
I figured out that there is a direct proportionality between the current and the voltage. Since my prediction also
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emphasizes that, I can say my experiment is successful in terms of the prediction and the aim”. And, “My data
support theory. I got the graph that I would expect. My prediction matches the graph that I obtained. This means
that my results are accurate”.

They may mention the term ‘errors” without explaining, thus, they conclude: “Even though I have
errors in my experiment, it is easy to see the result that my prediction is correct because there is a linear relation
between the length and the squared period of the pendulum”. Initially students talk about “errors” in general,
without making the distinction between systematic and random errors. For them, “errors” are like
mistakes and wrong measurements, which need to be corrected.

4. Experimental results are trustworthy when similar results are achieved under multiple trials.
Students mentioned about repeatability as a main criterion to justify results. “It is important to have some
idea of what the data should look like and that the data is reproducible”. They tried to come to a conclusion by
comparing individual measurements between two sets of data, typically reasoning that the “values for
the two groups match almost exactly”. Thus, they do not consider any uncertainty in their measurements.
They do not consider both the average value and the range (the overall spread), while they are good at
calculating the standard deviation of results. The participants did not consider, refer to the spread, range
and uncertainty of results. When comparing data sets, students identify “anomalous” results. They call
them wrong measurements, anomalies or mistakes.

5. The pre-service teachers tried to consider errors - systematic and random errors. However,
they do not make the distinction between systematic and random errors. They are not successful when
they want to argue how errors can be identified and eliminated.

s

“There is always error in any experiment” “... However, human errors are inevitable...” “The
anomalous point is a mistake, human mistake. Any experimenter makes mistakes.

“Although the graph shows the linear relationship between T2 and I correctly, I found the g
values higher than the theoretical value in all cases. This shows that I have some errors in my
experiment. I think my experiment has two types of error which are systematic and random”
(Excerpt from the evaluation of a pendulum lab report).

They think that systematic errors are of bigger values than the random ones: “Designing the
experiment is successful; however, in the experiment, I have some errors. First of all, the resistances of A and B
can be acceptable because they match with the theoretical values of the resistances. However, the experimental
value and the theoretical value of the C is totally different from each other which is an example of error for this
experiment. The theoretical value for C is 56 Ohms; while the experimental one is 70 Ohms. I think such a big
difference is not an example of random error. It is a systematic error...” (from an Ohm’s law lab report).

How do they deal with random errrors? Two different ideas appear here: One portion of
students argue that random errors can be corrected by taking repeated measurements: “On the other
hand, these anomalous points are examples of random errors. If I repeat the experiment for them, I can exclude the
anomalous points.... By repeating the experiment for that points, I am going to exclude the random errors”.

Students many times explain that by repeating they get rid of errors, including systematic ones:
“Also in my graph, there are two points which are far from my best fit line. These points are the ones that the
systematic error is the highest because the g values are between 10.20 and 10.80. To be more accurate, I can repeat
the measurement of these data points. Thus, they approach to the best fit line, and my systematic error also
decreases”. Here, 45% of the participants are wrong because they have said that by repeating, systematic
errors decrease. But systematic errors cannot be eliminated by repeating measurements.

Students often focus on the calculation of errors and miss the big picture of the evaluation. For
example, even if they calculate the error, they do not justify their conclusions. Judgements are based on
arbitrary criteria:

“My percent error is ony 5%, so my experiment proved the theory”.

“My results are accurate because the error is less than 10%".
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“None of the graphs goes through the origin of the graph even if they should, according to theory.
This is due to random errors such as human errors”. A highly achieving senior student
explained in her evaluation section: “According to our graph, the best fit line does not pass
through the origin but according to the formula, equation T= 2r\l/g, the graph should go
through the origin, because of the linear relationship. This is because of errors”. They are wrong
to believe that the line of best fit should go through the origin because there is a linear
relationship between the variables of T? and length L.

6. They do not distinguish among validity, accuracy and reliability. “Our experiment, according
to our results, is not valid, but our data is accurate and reliable” (for pendulum motion experiment). The
student is wrong here, since s/he needs, firstly, to check whether the experiment is valid. Only then, he
needs to examine the accuracy of the experiment by calculating the g values to examine how close the
experimental results are to the theoretical value. On this basis, another student is wrong to have said:
“To check the validity of my experiment, I am going to calculate g values from my data sets”.

When they identify some “different” data, they call them anomalous data. They explain that the
data set is not good because they should have yielded the same readings. Therefore, they suggest
repetition so that they obtain the same data. Thus, two tendencies appear with regard to how they deal
with repeated measurements. One part of students excluded them and calculated the average value
which is closer to the “true” value. “
me to correct the values of them. Maybe anomalous points are the results of misreading the voltmeter or ammeter.
I think if I pay attention on these points, my experiment will be improved, so it will be better”.

... I can repeat the experiment for the anomalous points. This will help

The other part, when they identify an anomalous point, they may still include it in the
calculation of the average value. In the interview they explained that in the calculation of the average
value, all measurements should be included because this is what they had been taught in mathematics
classes.

7. Students have had difficulties with accuracy and precision. They do not distinguish between
accuracy and precision. For example, a student confused the two notions of accuracy and precision of
results, since she argued that: “It is important to average sets of results because it eliminates inaccuracies. In
actually working out an average, we make it more accurate”. We need to underline here that it should not be
taken for granted that any experiment should be repeated. Instead, there should be a real reason that
one will repeat an experiment a few more times to get the best average sets of results.

The following is an excerpt from a laboratory report for Hooke’s law experiment, which is an
improved version, after the instructor gave feedback to the student. Indeed, the pre-service teacher
demonstrated a good understanding of accuracy and precision and he is right when he has
distinguished between the two concepts of precision and accuracy.

“If I compare the results for my calculations from the table and the graph, my k-values are ranging from 1,4
N/m to 1,6 N/m. The average of the k-values in my experiment is 1,5 N/m. Thus, the results of my experiment
show that the constant factor characteristic of spring; i.e. k, is equal to 1,5 + 0,1 N/m. In other words, I can say
that I founded the k-values closer to each other. This shows that my k-values are precise, but I cannot decide
whether they are accurate or not. The reason for this is the lack of knowledge about the exact k-value of the
spring” (Hooke’s law lab report).

Figure 2. Excerpt from Hooke’s Law Laboratory Report-Evaluation Section

To explore students’ understanding of accuracy and precision, they were asked to work on the
following task, which is from a mid-term exam.
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Four undergraduate students performed an experiment about Ohm’s law and found the value of the
resistance. The theoretical value of the resistance is 3.0 Ohm. Four data sets are taken by students
given below. Analyze the data sets in terms of their accuracy and precision by explaining why.

Data set 1 Data set 2 Data set 3 Data set 4
2.1 ohm 2.2 ohm 3.0 ohm 3.2 ohm
1.9 ohm 4.9 ohm 3.0 ohm 1.2 ohm
1.7 ohm 2.8 ohm 3.1 ohm 2.4 ohm
2.0 ohm 3.4 ohm 3.0 ohm 3.1 ohm
1.8 ohm 4.1 ohm 2.9 ohm 0.6 ohm

1) Are the measurements accurate and precise? Explain your answer analytically.
2) Tell the four students what they need to do to improve their measurements.

Task 2. Task Related to the Concepts of Precision and Accuracy

In this task, 32 students, out of 36, consider the average value of each data set which they
compare with the theoretical value of 3.0 Ohm without considering the range of values. In contrast, only
four (4) students looked at the range of each data set.

Table 3. Students’ Responses for Task 2

Categories Number of Students
Consider and calculate average only for all data sets 32

Consider both the average value and the range 4

To repeat for data set 2 and 4 29

To repeat for data set 1 31

To repeat for data set 1 and exclude 1.7 Ohm 5

Only the measurements in data set 3 are accurate and precise

Many times they say that one needs to repeat and calculate the average value but they are not
able to reason what it is that “gets better” when one repeats the measurements. It takes much time, from
the sixth week, to understand that by repeating one gets more precise results because random errors are
eliminated.

All pre-service teachers, including the high achievers, do not distinguish between wrong
measurements and uncertainty. Thirty-two (32) did not consider the range of values, only the average
value and how close the values are to the theoretical value. Only five students reported that the third
data set is good enough, because measurements are close to each other, and close to the theoretical value
of resistance.

When in the interview they were asked “If you repeat, how do you process the data?”. They
replied that, if they have sets of repeated measurements, they calculate the average value and then, they
plot the average values to draw the best bit line. But in this way, the results are “distorted”; instead,
they should have plotted all the points. Then, they will be able to see more clearly the trend or the
pattern of the data.

One more task (from the final exam) was designed to explore how students evaluate
experimental evidence and procedure. With this task we wanted to investigate whether students are
able to write what the aim of the experiment is, by using physics theory about insulation. Then, whether
they can evaluate the design of the experiment and the quality of evidence and judge the accuracy of
the experiment, analyze data and explain data by using theory in order to reach the aim of the
experiment to determine which of the three given insulating materials is the best. Further, in this task
(Task 3), pre-service teachers are given secondary sources of evidence and they are asked to evaluate
the whole procedure and finally, make suggestions for improvement of the experimental procedure.
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Three bottles of tea at the same initial temperature are completely wrapped with three different
insulating materials of one layer.

By using a long thermometer (put in each bottle through a little hole), temperature data is taken for
each bottle for six hours. The measurements taken have been plotted and the graphs are shown in
the figure below.

1) Do you trust the data?
2) If you carry out this experiment by yourself, how will you improve it?
Insulation Experiment
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Task 3. Insulation Experiment - Use of Secondary Sources Experimental Evidence

The main finding is firstly the misunderstanding that accuracy is closely related to the number
of taken readings. In their own words: “The larger the number of readings, the greater the accuracy of the time
achieved for the accuracy of the experiment”. And, “The more measurements you take the more you know how
accurate you are”. “Repeated measurements improve the accuracy of results”, which are not correct. They also
argued that more measurements are needed. In the interview, when they were asked to specify how
many and explain, thirty-three (33) of them said: “As many as you can”.

Table 4. Pre-Service Teachers’ Suggestions for Improvement of the Experiment

Suggestions for Improvement Number of Students
Take more measurements 36
Take measurements more often 32
Take measurements for longer time 36
Take as many measurements as you can 33

While making the above suggestions that more and more regularly taken measurements need
to be taken and for longer, they have not explained what will become better. In other words, how the
quality of data will be improved. However, in this task, they should have explained that one needs to
repeat the experiment at the same room temperature to reduce systematic errors and then, perform the
experiment several times to reduce human errors.

8. For all students, with no exception, the priority in evaluations is to talk about mistakes in the
experimental procedure they followed. For example, in the insulation experiment, they were touching
the thermometer, and they should not have to. Also, that the temperature readings should have had one
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more significant figure and so on. But they did not make any judgement about to what extent these
affect the quality of the collected evidence and their conclusions. In their written lab reports, students
discuss the limitations of the data they collected and the variables that they may have affected results
(such as room temperature variation over 24 hours) but explained that those were difficult to control or
not considered. Thus, they want to suggest improvements in the followed procedure and extension
work (i.e. look at another variable). However, here, apart from talking about the difficulties or the
problems they possibly encountered, they should explain how such difficulties affected their results.

Generally the tendency towards evaluating is to find things that are wrong with it and suggest
what they should change. Students have to suggest improvements to the method followed and should
also propose extension work. They list and explain anomalous results and suggest improvements on
the method and extension work. Students also have to talk about any difficulties they encountered.
However, the findings from this study show that students do not get a very clear understanding that
even with experiments where you know certain things could be improved, you can still make the point
that those factors are not significant. That is, overall, they have not affected the validity of the results.
By improving those factors (i.e. room temperature to be kept constant) one would nearly get slightly
more accurate results. In addition, the fact that the temperature has not been strictly controlled during
the experiment does not appear to have affected the reliability of the results. Apart from suggestions for
improvement in method and extension work, the majority of students did not consider the reliability
and validity of results as the first priority. Even when a few of them did (four students in Ohm’'s law
and insulation experiments), they did not explain how such reliability and validity support their
conclusions. As they explained in the interviews, they found it difficult to put all of the points (E.1 - E.6)
together and articulate their ideas within the evaluation section.

However, evaluating experimental evidence concerns primarily the validity and reliability of
results to support the drawn conclusions. If we restrict evaluation to describing features of the data or
experiment (imperfections or variability of data) or suggesting how to improve an experiment, as pre-
service teachers do, then the question follows: “If this is the way to improve, why did not you try to
improve it from the first time?”. In other words, suggesting improvements for an experiment they have
just carried out does not make sense.

The above results can be presented in the following Table (5) which shows the distribution of
evaluation categories (E.1 - E.6), as presented in Table 2 for the evaluation content for eight (8)
experiments (see Table 1) for all pre-service teachers (N=36).

Table 5. Distribution of Evaluation Categories (E.1 - E.6) in Laboratory Reports for Eight (8)
Experiments for All Pre-Service Teachers (N=36)

Number of Students
What an evaluation
section needs to include Expl Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8
To look critically at the
results to judge how well
one can rely upon E1 5 5 5 5 5 5 5 3

evidence from the
experiment to draw
conclusions.

To comment on whether

the results are accurate,

supporting this with E.2 3 2 3 3 4 4 2 2
specific data, e.g., % error

calculations
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Table 5. Continued

O. Gkioka

Number of Students

What an evaluation
section needs to include Exp 1

Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8

To comment on whether

results are valid and

reliable - could other

factors have affected the E.3 2
results, would this have

been significant, is there

any evidence for this?

To identify and account for

any anomalous results

(due to inaccuracies in the E.4 34
procedure and/or

measurements).

34 34 34 34 34 34 33

To talk about limitations in

the experiment and

suggest possible E.5 36
improvements (specific

detail required).

36 36 36 36 36 36 36

To talk about specific
proposals for further work
that would improve or add
to the evidence.

32

31 31 32 32 32 32 29

The evaluation categories E.1, E.2 and E.3 are usually neglected by the participants. They talk
about errors and sources of errors (E.4), as well as they focus on and they talk extensively about
limitations in the experiment and suggest possible improvements (E.5).

In concluding this section of results, I would like to present an excerpt of a very good piece of

evaluation (from an Ohm’s law report), in which the pre-service teachers has included all the points

from E.1 to E.6.
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Figure 3. Excerpt from a Very Good Ohm’s Law Lab Report — Evaluation Section
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Discussion and Conclusion

The findings from this study support the idea that pre-service physics teachers experience a
range of difficulties when evaluating experimental evidence. Such results are consistent with findings
from other studies into students’ inability to critically evaluate scientific claims (Albers et al., 2008; Hu
& Zwickl, 2018; Leach, 1999). For example, we confirm findings by Hu and Zwickl (2018) who identified
several differences in students’ ideas abut validity and uncertainty in measurements. The majority of
their introductory students justified the validity of results through agreement with theory.

When evaluating experimental evidence, the main point is to look critically at the validity and
the reliability of the evidence. That is, one has to look for how well one can rely upon the evidence from
the experiment to draw valid conclusions. This means that in the evaluation, it does not have to be
automatically assumed that there are improvements that can be made or that worthwhile suggestions
for extension work can be made. Nor should it be automatically assumed that there are anomalous
results without making reference to the graph.

Students should explain why they believe that their results are valid and reliable. For this
purpose, they should comment on whether results are reliable and valid and hence, they have to
consider other factors that could have affected the results. Yet, they have to judge whether there is any
evidence that such factors would have been significant or not to the validity and reliability of results.
For instance: “I acknowledge that the temperature was not controlled, but I do not feel that it had a
significant influence on ... I would have said that what my results show are valid and that this is the
real tricky one, the experimenter to think about which variable s/he had not perfectly controlled, but it
does not prevent him/her making a valid conclusion, which means to find something wrong with it”.

Our participants have undervalued the importance of particular points: “How do you know that
your results are valid and reliable?” “Is there any evidence that other factors could have affected your results?”
“Could such factors have been significant with regard to the validity and reliability of the results?” Such
questions and issues are the key to a good evaluation. Students and teachers should also be aware that
even with experiments where there are certain things that could be improved, one might still make the
point that such factors may not have been of significance if they had not affected the overall validity of
the results. Thus, by improving such factors one may get slightly more accurate results rather than
improved validity.

We want to argue that the first issue to be addressed in the evaluations is the validity and
reliability of evidence, which, in essence, have to do with the criteria that one uses to determine validity:
“How do you know that your results are valid and reliable?”. A good level of understanding of experimental
validity and measurement reliability is the foundation for good quality evaluations in laboratory reports
(E.1- E.3 points). Suggestions about improvements and discussion of limitations of the experiment have
to come later (E4 - E. 6).

However, the majority of our participants did not take a critical look at the results to make
judgements about how valid and reliable their conclusions were (E.1). One has to consider that data
allows him/her to draw a valid conclusion. That the method used is appropriate but certain small
changes in accuracy could be made. This is really a neglected aspect of their evaluation section. Further,
they did not comment on whether results are valid and reliable - could other factors have affected the
results, would this have been significant, is there any evidence for this? (E.3). However, all of them made
suggestions for improvements and talked about specific proposals for further work that would improve
or add to the evidence (E.4 and E.5). Our participants may have identified anomalous results and
explained them, they may also have suggested improvements in method and extension work, but they
still find it difficult to put all of them together and articulate their ideas within the evaluation section.
In a few words, our participants have lost the whole picture of the evaluation.

Most students can obtain a few marks for anything valid they have written about the experiment
and the followed procedure. But, in order to obtain a higher mark they have to examine and justify
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whether the results are valid and reliable. Instead of students’ talking only about improvements in the
followed procedure of the experiment, they should explain why they did not make improvements from
the beginning. Instead of writing: “I'll improve that and so on, I will get marks, so temperature was not
controlled and it should have been”, they should provide clear evidence that they are actually doing it
initially and saying: “Temperature was not controlled but the results suggest this was not important
factor, because any changes would have no significance”.

As teachers and physics educators, we should not be mistaken that our students are competent
at evaluating experimental evidence because they were already taught about such issues in the
undergraduate physics lab classes. Nor that have they understood the reasoning behind average
calculations and methods of best fit plotting in their mathematics classes. We do not want to argue that
undergraduate physics laboratory or mathematics classes are not effective. Instead, we want to make
an argument about the need for the two Departments of Physics and Physics Teaching to work together
towards the development of experiments and tasks in which students will have more flexibility and
responsibility for designing the plan, conducting experiments, analyzing results and evaluating
evidence. In experiments, physics students should make decisions on strategies for establishing validity,
such as repeatability and uncertainty calculation. Decisions in the planning - which variables to keep
constant and which to change - have also to be explained in the evaluation with regard to the validity
of the experiment. In the teaching practice we should give our students the possibility to make choices
to design their own experiments so that they address issues of validity and reliability. A similar
argument was developed by Tiberghien, Vieillard, Le Marechal, Buty, and Millar (2001) who undertook
a survey of laboratory tasks in senior secondary school and undergraduate courses across Europe. They
found out that less than 15% of experimental tasks in physics laboratory courses require students to
design their own experiment (Tiberghien et al., 2001). These findings call for the development of new
teaching materials and tasks.

In addition to discussing the experiments, we want to underline that we need to modify the
traditional curriculum. Students need practice in evaluating their own results or secondary sources
evidence. The process requires time. Inevitably, this constraint places a limit on both the breadth of
material that can be covered and the pace at which instruction can progress. Tasks need to emphasize
the ability of reasoning in order to improve the match between teaching and learning. As teachers, we
are faced with the challenge to teach less but in more depth.

These results, taken together, suggest that the present form of the laboratory courses was not
able to develop good evaluation skills in pre-service physics teachers.

Teaching practice should focus on a clear structure in the evaluation section and further, on the
need for drafting and re-drafting it. In fact, instruction focused on how to write evaluations needs to be
a long-term process which has to begin with much direction and help on the part of the teacher. Later
on and by time, more freedom and flexibility should be given to students. As Kalthoff et al. (2018) have
argued, various more or less explicit instructional approaches need to be introduced for the promotion
of experimental skills in the training of school teacher students.

Only two students (out of thirty-six) made a judgement about the validity and the reliability of
the results in their experiments. They clearly evaluated the methods used to collect results, for example,
recognized that temperature environment is not constant, but changes over twenty-four (24) hours and
explained that this does not affect the quality of results. The same students in their written laboratory
reports looked critically at the results to judge how well they could rely upon evidence from the
experiment to draw conclusions. Toward such direction, they made calculation of errors to support
claims about accuracy of results. Thus, such points seemed to be the most difficult parts of the evaluation
section.

Perhaps the most serious difficulty that we have identified is failure to integrate related
concepts into a coherent framework to form the evaluation section in the laboratory report. Pre-service
physics teachers have not been able to make the distinction between validity and reliability, as well as
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between accuracy and precision. In addition, many times they do not understand “why” they do what
they do. For example, why they need to take repeated measurements. They seem that they use rules by
rote, as well as mehods of processing results and plotting points to draw a best fit line. The students
rely on rules that they have incorrectly memorized. For example, that the best fit line should go through
the origin. The analysis of students’ responses to the presented tasks gave us several insights into
students’” views about the criteria for establishing trustworthy results. Their difficulties also concern a
failure to make the distinction between random and systematic errors. Also, their understanding of
uncertainty was limited and consistent with what Caussarieu and Tiberghien (2017) reported when they
explored how a first-year university physics course deals with measurement uncertainties.
Uncertainties were often missing from the results of students” calculations.

Similar findings were reported by Séré, Journeaux, and Winther (1998) who argued that the fact
that students apply the calculation aspects of data analysis does not imply that they fully understand
the underlying principles behind meaurement reliability.

The present discussion suggests that we need to plan different experiments and tasks in which
there will be a real reason for repeating the experiment, plotting the points and working out the average.
A suitable experiment to teach the concept of average is one where the plotted readings lay either side
of the line to be drawn. This strategy may lead students to say that the quality of their results is not
good and thus the teacher can get students to suggest to repeat the experiment in order to eliminate
random errors. Thus, an irregular pattern of a line graph can be a good prompt for teaching the need
for repeating the experiment (i.e. Hooke’s law or Ohm’s law) a few times. Then, they are introduced in
averaging techniques. Students should also be explicitly taught about how to work out averages
without assuming that averaging methods were grasped in previous maths lessons. The last step is to
produce a best-fit line to obtain a visual pattern.

One step further is to be able to appreciate that by taking repeated measurements and taking
the average helps eliminate random errors but not necessarily inaccuracies in the method or faults that
affect the reliability of the results. Students and teachers often misunderstand the concepts of accuracy
and reliability, believing, for example, that repeating readings make them more accurate and more
reliable, whereas, all it does is help to check repeatability. This is because they appear to be arguing
that repeating results three times is a method of improving reliability which may, of course, help
identify individual errors of the experiments, where an error was made, but it does not automatically
improve the reliability. When there are large variations, it is necessary to review and modify the
method.

One can improve precision and get closer to the ‘true’ value by repeating many times and taking
a mean average value. By repeating, one is increasing the likelihood that she will take measurements
at or near the ‘true’ value. Then, the average that one gets will be closer to this value.

Reliable readings have to encompass all the ideas of controlled experiment, accuracy and
precision. A reliable set of readings gives close to the same values when repeated. However, results
that are repeatable are not necessarily reliable: they could all be consistently wrong if, for example, a
meter was not zeroed properly. The readings must be both accurate and reliable.

Secondly, this study points to the value of developing and introducing tasks which address the
concepts of reliability and validity in different contexts in order to teach them about evaluating
experimental results in different experiments. We should help our students see common issues in their
reasoning they are using in different experiments. Such an endeavour requires time for pre-service
teachers to reflect upon these experiences and be able to generalize from them. As Holmes and Wieman
(2018) argued, teachers should give time so that students reflect on their results and develop meaningful
understandings of what they have been doing and why.

However, most laboratory curricula emphasize the development of laboratory procedures with
little attention being paid to develop an understanding of the deeper reasons for these procedures. Such
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laboratory courses tend to emphasize the formalistic rules of the statistical procedures of data and omit
to include aspects that address a deep reasoning underlying the experimental procedures. Therefore,
laboratory curricula need to be designed in which the underlying experimental procedures are explicitly
addressed.

Although most pre-service teachers have taken undergraduate courses with science lab classes,
these all too often follow a strictly prescribed procedure-which they follow without understanding what
they do and why (Tobin, 1990) and without thinking.

As Eshach and Kukliansky (2018) argued, understanding of their difficulties when evaluating,
may be of great help to educators in designing better learning environments to develop related
laboratory skills. The teacher should be aware of the problems students experience in writing
evaluations. There is the need to revise the syllabus of the course on the basis of pre-service teachers’
needs and difficulties. We need to explore and study such understandings so that we use them as a
starting point for teaching. In the same way that physics education research has investigated
“misconceptions” and reasoning in various areas of physics topics.

The write-up of evaluations is a demanding task. It requires much time and effort on the part
of students and the teacher. Teaching should give importance to the difficult part of evaluation for
students, in particular to the notions of accuracy, reliability and validity and how these should be
connected and inter-related to provide a meaningful evaluation section. However, since the evaluation
is the final part of the investigation, students may not have enough time and hence, they do not give
appropriate attention. Even teachers may run out of time in their teaching. Experiments are usually
time-consuming and there is no time left to discuss possible sources of errors.

Lastly, this research wants to argue that when teaching how to deal with anomalous points, the
term of “outlier” (rather than ‘anomalous measurement’) seems to help more because the outlier is
defined in relation to a range of measurements. Therefore, they need to define an acceptable range of
measurements. An outlier is defined as a value in a set of data that is judged to be usually large or
unusually small in comparison with most of the other values, for whatever reason. In contrast, an
anomalous value is a measured value that appears not to fit the pattern of the other measurements, and
is often (though not always) due to a mistake. For example, a value that is very different from the others
in a set of repeated measurements, or a data point that lies far from a line of best fit.

As a whole, the findings lead to the same thought by McDermott (1991) that the difference
between what is taught and what is learned is often greater than most instructors realize:

“... what the instructor says or implies and what the student interprets or infers as having been
said or implied are not the same ... There are often significant differences between what the
instructor thinks the students have learned in a physics course and what students may have
actually learned” (McDermott, 1991, p. 303).

Teachers usually take for granted that students know how to evaluate evidence. However, in
the introductory labs performed by students in first- and second-year laboratory courses, students had
little or no autonomy in designing and performing an experiment. They do not write the full lab report,
but they answer some questions. For example, after the simple pendulum motion, the questions ask
them to make calculations of period T and constant of acceleration and then, to calculate the average of
g and the % deviation for g. Then, they discuss and write down possible sources of systematic error. Or,
after performing the resistance experiment, the participants are asked to make calculations and then,
calculate the average R and the standard deviation of the resistance value.

Students need to develop a solid understanding of sources of errors and the ways they can be
eliminated. The effects of systematic errors cannot be reduced by repeating measurements. Instruments
should be checked for errors before they are used. If the systematic errors are due to the procedure,
revision of the method should be made.

122



Education and Science 2019, Vol 44, No 199, 103-126 O. Gkioka

Our conclusion is that this complex topic requires further attention. It seems that a larger
investment of time than the one supplied within the framework of our study is called for. For example,
there may be the need for further research to follow the participants when they obtain a teaching post
in a school or in a college.

Evaluation of experimental procedure is an important part of laboratory work. Writing of the
evaluation section should deserve particular attention by physics educators. If we want students to
develop meaningful understandings of the evaluation, we should engage them in experiments where
they apply this procedure, but we also need to help them think about and examine the reasoning behind
this procedure in a way that connects experimental situation and the evaluation behind it with the
overall understanding (E. 1- E.6). There should be courses so that preservice teachers have more
opportunities to develop evaluation and experimental skills. Like Hofstein and Lunetta (2004), we
believe that: “The literature has suggested that inconsistencies between teachers’ goals and behaviours and
limitations in teachers’ skills, in this case in the school laboratory, should be addressed carefully in long-term
professional development programs designed to develop the understanding, knowledge and skill of professional
teachers” (Hofstein & Lunetta, 2004, p. 45).

This study may contribute to those who wish to design a laboratory course for physics
laboratory data analysis addressed to teacher preparation. Curriculum developers should be aware of
the difficulties students have with evaluation. We need not only to revise the course but develop one
research-based module or more for initial teacher education of physics teachers. Pre-service physics
teachers need to be taught about secondary students” difficulties in evaluating experimental evidence.
This study should inform a new course and vice versa; students” achievement and teachers’ experience
should inform new research.
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Appendix. Interview Questions

Do you trust these data and their conclusions?

What sort of difficulties do you experience when you design your experiment without getting
guidelines?

What do you think should be included in the evaluation section of a laboratory report?

How can you make sure that your results are accurate?

Are there any more variables which affect your results but you did not consider them in your
design?

Why do you repeat measurements?

If you repeat, how do you process data?

What is it that “gets better” when you obtain repeated measurements?

How do you identify errors?

How can you eliminate random errors?

How do you eliminate systematic errors?

What does 5% error mean to you?

What does 22 % error mean to you?

What do you mean when you write “My results are accurate and precise”?

What would you recommend these students need to do?

What makes the evaluation of an experiment hard?

What kind of help would you need from the instructor?
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