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What do they know? Investigating students’ ability to analyse
experimental data in secondary physics education
C. F. J. Pols , P. J. J. M. Dekkers and M. J. de Vries

Science Education and Communication, Delft University of Technology, Delft, The Netherlands

ABSTRACT
Thispaperexploresstudents’abilitytoanalyseandinterpretempirical
data as inadequate data analysis skills and understandings may
contribute to the renowned disappointing outcomes of practical
work in secondary school physics. Selected competences, derived
from a collection of leading curricula, are explored through
interviews and practical tasks, each consisting of three probes. The
51 students, aged 15 and commencing post-compulsory science
education in the Netherlands, were able to carry out basic skills
such as collecting data and representing these. In interpreting the
data in terms of the investigated phenomenon or situation
however, performance was weak. Students often appeared to be
unable to identify the crucial features of a given graph. Conclusions
based on the data were often tautological or superficial, lacking
salient features. Students failed to infer implications from the data,
to interpret data at a higher level of abstraction, or to specify
limitations to the validity of the analysis or conclusions. The findings
imply that the students’ understanding of data-analysis should be
developed further before they can engage successfully in more
‘open’ practical work. The study offers a collection of activities that
may help to address the situation, suggesting a baseline for guided
development of data analysis abilities.
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Introduction

We expect students who have completed the compulsory part of science education to be
able to carry out a basic scientific inquiry independently. Focusing on data analysis and
interpretation, we explore whether this expectation is justified for Dutch students, and
how potential deficiencies may be diagnosed and eventually addressed.

The common approach to educational aims related to scientific inquiry is through
practical work (Millar, 2010), activities in which students observe or manipulate the
objects of interest (Millar et al., 1999), and draw conclusions from the data collected
(Kanari & Millar, 2004). The main purpose of practical work is usually to ‘discover’
physics concepts or enhance conceptual knowledge by establishing the relationship
between physical quantities (Hofstein, 2017; Millar et al., 1999). Although an important
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part of finding and interpreting these relationships involves carrying out a proper data
analysis, enhancing competence in data analysis is rarely the central objective of practical
work. Still, students often encounter various insuperable problems when analysing data
resulting in superficial and incomplete conclusions (Kanari & Millar, 2004) or even
‘alternative science’ (Hodson, 1990). A lack of competence in data analysis potentially
contributes to the limited learning outcomes of practical work that prompt some to
wonder if the same learning goals may and should be achieved with less costly and
time consuming methods (Hodson, 1990; Hofstein, 2017; Hofstein & Kind, 2012; Hof-
stein & Lunetta, 2004; Lunetta et al., 2007; van den Berg, 2013).

This study investigates whether students who have just finished the compulsory part
of science education in the Netherlands have the ability to analyse and interpret exper-
imental data by constructing adequate data representations and drawing qualified,
appropriate, defensible conclusions from these data. From this baseline, potential
deficiencies may be specified as a starting point for designing suitable learning pathways
to develop more advanced kinds of science inquiry later.

Research questions

The central research questions are:

How do 15-year old students, after completing compulsory science education and entering a
pre-academic science-based exam program analyse experimental data?

What is the quality of that analysis?

Background

Dutch educational system

In theNetherlands, students enter oneof three ability levels of lower secondary education at
age12.Thestreamforpreparatoryvocational education(opted forbyapproximately60%of
the Dutch student population) is not considered here, as the study takes place in a school
preparing for higher vocational education (opted for by approximately 20%) or university
studies (opted for by approximately 20%) (DUO, 2017). After three years of lower second-
ary education with physics as a compulsory subject in the second and third year, students
choose between a program oriented towards the natural sciences and towards the huma-
nities, based on their abilities and interests. While broad learning goals have been formu-
lated nationally, there are no exams upon completion of lower secondary, which
smoothens the transition to the upper levels but complicates the establishment of national
attainment levels of these educational standards. Upper secondary education is concluded
with national exams. More detailed information about the Dutch educational system,
specifically the role ofmathematics andphysics, canbe found inTursucu (2019, pp. 24–26).

Scientific literacy

The compulsory part of science education is meant to effect ‘scientific literacy’ in stu-
dents (Millar & Osborne, 1998; Ottevanger et al., 2014). Critical, scientifically literate
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citizens are capable of forming substantiated opinions on ethical and political dilem-
mas concerning science and technology (Aikenhead, 2005; European Commission,
1995). An important part of this literacy involves the ability to engage successfully
in basic science inquiry and interpret scientific data and evidence, ‘the competency
both to construct claims that are justified by data and to identify any flaws in the
arguments of others’ (OECD, 2013, p. 9). This competency is one of three core com-
petences of scientific literacy and a major aim of science education (Next Generation
Science Standards, 2013). It involves engaging faculties such as asking relevant ques-
tions, collecting and interpreting valid and reliable data, interpreting these data in
acceptable ways, making informed choices based on these interpretations, and enga-
ging in the critical debate on each of these issues. Practical work in science is often
expected to result in the development of this competency.

Practical work

Practical work is expected to achieve more than developing aspects of scientific literacy or
illustration of the empirical aspects of a science discipline. It is used to foster the under-
standing of scientific concepts, raise interest in scientific disciplines, teach practical skills
(e.g. how to manipulate equipment), enhance students’ ability to do science in which the
aforementioned faculties are applied and teach students about the nature of science
(Abrahams, 2011; Dillon, 2008; Hofstein, 2017; Millar, 2010).

To attain these goals, secondary school students usually follow a prescribed, fixed pro-
cedure starting with a research question posed by the teacher. Students manipulate the
given measuring equipment to collect the necessary data. They analyse and interpret
these by answering scaffolding questions often provided in worksheets. As much of the
work and thinking has already been done for the students in these highly teacher-directed
activities they are called closed or guided (Bell et al., 2005; Tamir, 1991). However, it is
demonstrated and often argued that these closed inquiries do not result in the understand-
ings, attitudes andskillswewant students todevelop (Hodson,1990, 1993, 2014;Hofstein&
Kind, 2012; Holmes et al., 2017; Holmes &Wieman, 2018; Schwartz et al., 2004; Wieman,
2015, 2016). Various authors (Banchi & Bell, 2008; Hodson, 2014; Hofstein & Kind, 2012;
Holmes &Wieman, 2018;Wieman, 2015; Zion&Mendelovici, 2012) recommend (gradu-
ally)more ‘open’activitieswithmorecognitive tasks forstudents topursue inquiry learning.
It is argued that students learnmore andbetterwhengivenopportunities tomakedecisions
and to evaluate their decision (Hodson, 2014; Holmes & Wieman, 2018), since only then
they are obliged to be engaged minds-on rather than merely hands-on (Abrahams &
Millar, 2008; Hofstein & Kind, 2012). However, the limitations of the actual classroom
often mean that students, in any type of practical, collect the data during class but analyse
these and reach conclusions at homewithout the teacher’s help so that themost demanding
cognitive tasks (Wieman,2015)arecarriedoutwithoutadditionalaid.Doingsosuccessfully
requires that they can perform an adequate, independent data analysis.

Data analysis in practical work

Previous studies of students’ data analysis competence focused on students aged 14 and
younger (Gott & Duggan, 1995; Gott & Roberts, 2008; Kanari & Millar, 2004; Lubben &
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Millar, 1996; Millar et al., 1994) involving only qualitative relationships (‘more of A then
more of B’) or quantitative relationships at university level (Allie et al., 1998; Séré et al.,
1993; Walsh et al., 2019). Other studies involving data-analysis focus on the students’
knowledge of measurement uncertainties (Farmer, 2012; Kok et al., 2019; Stump et al.,
2020) or the role and use of graphs (Lachmayer et al., 2007; Pospiech et al., 2019; von
Kotzebue et al., 2015). Recent attempts to provide more coherence between mathematics
and physics education (Boohan, 2016a, 2016b; Mooldijk & Sonneveld, 2010) show that
the problem of using mathematics in physics, and data-analysis skills in particular is
still pertinent and unsolved (Tursucu, 2019; Wong, 2018).

Compulsory science education is expected to prepare students for their pursuit of
science at the senior secondary level where they are expected to take agency in and organ-
ise independently their own research. It is important to establish a baseline of students’
competence in quantitative data analysis at this stage, since this freedom and autonomy
can lead to successful performance only if accompanied by sufficient competence. Rather
than passing judgement on how well students do, however, this study is meant to evaluate
the outcomes of inquiry-oriented aspects of Dutch compulsory science education. We are
unaware of other studies of these competencies in this age group and at this stage.

Theoretical framework

We present the Procedural And Conceptual Knowledge in Science (PACKS) as a model
(Millar et al., 1994) to discuss the role of data analysis in practical work. We then use
various curriculum documents to construct a consensus view on data analysis compe-
tences expected of 15 year-olds. We conclude the theoretical framework with an overview
and description of these competences.

PACKS

Since practical work often involves setting up and manipulating equipment and gather-
ing data it may seem to mainly consist of hands-on activities. Millar et al. (1994),
however, see practical work as a knowledge-based, primarily ‘minds-on’ activity where
performance quality depends on access to pertinent knowledge. Their PACKS model
(Figure 1) describes different types of knowledge that influence the choices students
make in various stages of an investigation.

Figure 1. The PACKS model (Millar et al., 1994) relates the various phases in inquiry and the types of
knowledge affecting the decisions made in these phases.
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While knowledge of type A mainly influences the initial stages in identifying the
inquiry task, type B, understanding of the science relevant to the phenomenon, affects
every step in the investigation. Type C includes knowledge involved in using appropriate
equipment properly. The focus of this study is on knowledge of type D, understanding
the role of experimental data (Gott & Duggan, 1996; Millar et al., 1994). It includes an
understanding of how measurement is subject to error, knowledge involved in reducing
measurement uncertainties, and skills in assessing the reliability of data. It is indispensa-
ble in assessing the minimum number of measurements needed to establish a relation-
ship, the reliability of data, the (in)significance of differences in measured values, and
drawing adequate conclusions (Millar, 1997; Millar et al., 1994). Millar (1997) therefore
recommends practical work in which students themselves are enabled to assess the
quality of experimental data and use a scientific approach to do so.

While curriculum documents often specify elements of typeD knowledge in isolation,
different types of PACKS tend to be applied in an integrated way (Walsh et al., 2019). We
show below how we minimised interference between the types of knowledge in PACKS
sufficiently to enable us to answer the research questions.

Concepts of evidence

Prominent elements in knowledge of type D are the concepts of evidence (CoE), including
basic ideas such as repeatability, reproduction, precision andmeasurement uncertainty that
underpin more abstract concepts such as reliability and validity (Gott et al., 2003; Gott &
Duggan, 2007). The CoE guide decisions about how the practical work is set up, which
measuring instruments are preferred, what types of patterns are detected, how anomalous
data are treated, how a line of best fit is found to illustrate the underlying relationship, and
how a defensible conclusion is derived from the available data (Gott & Roberts, 2008).
Although not all CoE need to be understood in every scientific inquiry, understanding
of the CoE supports the gathering of accurate experimental data and subsequently the
drawing of acceptable conclusions supported by patterns or trends identified in the dataset.

Expected proficiency levels in data analysis

Over time, students should develop more understanding of evidence and a more soph-
isticated understanding. So what level of understanding is required of students that have
completed compulsory science education, what level of scientific literacy is satisfactory in
this regard? We answer this question by constructing, below, an overview of CoE that
need to be operationally understood by these students according to an apparent consen-
sus among collected curriculum documents (Department for Education England, 2013;
Jones et al., 2015; Ministry of Education Singapore, 2013; Next Generation Science Stan-
dards, 2013; Ottevanger et al., 2014; Spek & Rodenboog, 2011; United Kingdom Depart-
ment for Education, 2014). We hold that this overview is feasible and sufficiently detailed
for the purpose of this study. The abilities included in this study are printed in italics
below and summed up in Table 1.

Students aged 15 are expected to be able to spot trends, represent data graphically and
use statistical tools according to the OECD (2013, p. 9 & 16). Scientific literacy includes
the ability to account for the uncertainty of measurements (OECD, 2013, pp. 8 & 16) and
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to assess whether a claim is supported by data (OECD, 2013, pp. 9 & 16). These abilities
accord with those specified in NGSS (2013, p. App. 57) for the ages of 12–14 in terms of
‘analysing and interpreting data’ and other curricula, e.g. the Science programmes of
study: key stage 4 (United Kingdom Department for Education, 2014, pp. 5–6).

Dutch curriculum documents (Ottevanger et al., 2014, pp. 18–20) largely paraphrase
documentation from PISA (OECD, 2013) and the K-12 science education frameworks
(National Research Council, 2000). The attainment levels, specifying data analysis abil-
ities expected of 15 year-olds in The Netherlands, therefore align with these in other
international curricula. For the Dutch school context, Spek and Rodenboog (2011)
specify further requirements. According to these curriculum developers, a student
should be able to: (1) process data using a table and graph, (2) draw a straight or
curved line through a dataset while excluding erroneous data points, recognizing and esti-
mating measurement errors, (3) use the processed data to formulate one or more con-
clusions fitting the data, and (4) compare the results and conclusions with an
hypothesis. This study explores whether students at age 15 can analyse and interpret
experimental data adequately in terms of the aforementioned competences.

In the absence of data from a nationwide exam or other means of testing, and in view
of informal but frequent reports of teachers to the contrary, it is worthwhile to explore
this baseline. While there is no formal (exam) program that specifies what data analysis
competencies Dutch 15-year-olds should master, Table 1 summarises seven competences
as a tentative core derived from the relevant literature. These competences overlap within
the relevant curricula. The table comprises the criteria in this study for determining to
what extent students have mastered data analysis and to describe the problems they
encounter when applying it.

Method

Participants and setting

The study’s setting is amodern,medium-sized school preparing for higher vocational edu-
cation or university studies. Information provided by the Inspectorate of Education (VO-
raad, 2018) regarding average final exam scores, number of students repeating years, and
percentages of students electing a science stream shows that this school is situated close to
or slightly above national averages in terms of participation and performance in science

Table 1. Data analysis and interpretation skills for 15-year-olds in selected international curricula
assessed in interview (I1–3) and practical (P1–3) probes.

Competence Probe number
# of
docs

Code Description I1 I2 I3 P1 P2 P3

C1 Visualise data graphically and use/interpret these v v v 56
C2 Establish the correct trend line. v v v v v 109
C3 Qualitatively describe and identify the main features of a dataset or

trend
v v v 71

C4 Describe qualitative similarities and differences between datasets v v 32
C5 Draw a conclusion which is supported by the dataset v v v v 79
C6 Justify the conclusions and indicate restrictions concerning the data

analysis and conclusions
v v v 29

C7 Estimate the value of a variable using interpolation or extrapolation v v v 66
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exam subjects. Hence these students can be regarded as representative of their age and
ability group.

In terms of demographic characteristics as well, the 51 students (32 boys, 19 girls),
with an average age of 15 and comprising two different classes, are not exceptional in
that they are in majority autochthonous and generally from affluent families. They
have opted for a science-based exam programme with physics as an exam subject,
chosen by 30–40% of all students at the school.

A sample size of 51 accords with the average size of samples in qualitative educational
studies, 40 (Guetterman, 2015). It is both manageable and large enough to observe regu-
larities and patterns as well as exceptional cases.

The lessons were taught by the first author who is the students’ regular physics teacher.
As a former trainer in an in-service professional development course focusing on prac-
tical work, he is well aware of the challenges. In both action research (Altricher et al.,
2005; Carr & Kemmis, 2003) and educational design research (McKenney & Reeves,
2013; Van den Akker et al., 2006) teachers who research their own classroom practice
are seen as situated close to the research-practice gap (Vanderlinde & Braak, 2010)
and potentially equipped to close it (Bakx et al., 2016). Potential threats to impartiality,
objectivity and unconsciously influencing students (Trowler, 2011) were minimised by
adhering to a pre-established interview protocol and virtually teacher-independent,
worksheet-guided practical tasks.

From informal talks with teachers in our professional network, we infer that practical
work and learning about inquiry receive above-average attention at this school. The out-
comes of the latest European PISA study suggest that our findings may be relevant to
various other western European countries (Gurria, 2016).

Design

Two complementary approaches are used and triangulated to explore the competences
listed in Table 1. The first uses interviews to explore what students think and do when
asked to interpret data presented in a graph, and are prompted to provide as much infor-
mation as they can. The second approach is used to study how students perform in a
basic inquiry task spontaneously, without assistance. In a qualitative, participatory
research design (Bryman, 2015) detailed information is obtained about how students
analyse and interpret data in three stages.

The first stage consists of three preparatory activities that develop in students the
ability to collect sufficient and adequate data, making data pattern recognition possible.
In stage 2, over the next three weeks, students are interviewed in pairs outside normal
classes. Each interview consists of three probes, I1–3. In stage 3, three practical probes
P1–3 are carried out. Each probe addresses several competences, though no single
probe addresses them all: see Table 1.

Stage 1: preparatory activities

Preparatory activities are used to teach the necessity of repeating measurements, the
importance of choosing an optimal data spread and range, and the purpose of averaging
measured values. Students explore relationships between (1) body and arm length (Pols
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et al., 2019), (2) mass and period of a pendulum and (3), the distance travelled and
number of cups propelled by a rolling marble (Farmer, 2012).

Stage 2: interviews

In the interviews, the researcher explains the purpose of the interview to the student
pairs, asks for permission to make audio recordings while maintaining confidentiality
and anonymity, and states that their answers do not influence their marks. He asks stu-
dents to tell as much as they can, elaborate on what they think and express what they are
looking at. Students then interpret the three graphs in Figure 2 by answering the ques-
tions in Appendix. If only one student answers, the other is asked whether (s)he
agrees or could add to the given answer. Room is given for discussion when students
are not in agreement.

Students are used to doing practical work and to discussing their work, of any kind, in
class with the teacher and each other. Although these discussions are normally not per-
formed in interview style or recorded, there is no indication that this affected the validity
or reliability of the data, or the content and form of what they brought forward.

Probe I1
As in Boohan (2016b), students describe the graph on the left in Figure 2 to someone who
cannot see it. This allows us to determine whether all essential parts of a graph are ident-
ified and described (C3, see Table 1.)

Probe I2
Presented with the computer-generated data in a table and in the diagram central in
Figure 2, students are asked, first, what the data might represent. This serves to determine
whether students can interpret the observed data pattern (C1) in terms of any familiar
event or episode in which quantities relate similarly. The graph is then said to represent
the position-time graph of a marble, initially at rest, rolling down an incline. Students are
invited to describe the pattern (C3), draw the trend line (C2), draw conclusions concern-
ing the motion (C5 and C6), and predict two values (C7). Unless they note it spon-
taneously they are asked to consider whether the line of best fit includes the origin of
the graph. Similarly, they are asked whether some data points require special attention
unless they note that the datum at t = 9 s is anomalous. Uniformly accelerated motion
from rest is a topic that has been taught in the preceding two years.

Figure 2. Graphs presented to interviewees in probes I1–3, respectively.
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Probe I3
Students are asked what the graph on the right of Figure 2 might represent. They are then
told that it features temperature measurements of a weather balloon by height. They are
asked to identify and draw the trend line (C2), describe the pattern (C3), and explain
whether they would provide this same description if they were writing a science
report. Asked what conclusions might be drawn from the graph (C5), we expect them
to identify two regions, one where the temperature decreases, one where it increases.
We do not expect them to identify, as an expert might, the troposphere, tropopause
and stratosphere, respectively (Boeker & Van Grondelle, 2011).

The next question as to what additional data they would like to obtain to draw firmer
conclusions, seeks to probe whether they can identify the limitations of their conclusions
(C6). Students are finally asked which of the three probes they rate as the most difficult.

The audio recorded interviews of Probes I1–3 reveal what students are able to say
about the issue if probed and encouraged by the interviewer who helps to bridge the
‘knowing-doing gap’ (Pfeffer & Sutton, 1999). The approach below is expected to yield
less detailed answers, but does show what students do independently in a real class situ-
ation and thus has a higher degree of ecological validity (Brewer, 2000).

Stage 3: practical tasks

Students, working in pairs or an occasional triplet, carry out the three practical probes
P1–3 (see Figure 3) guided by worksheet tasks that specify what should be measured.
Further worksheet questions include: ‘what is the shape of the graph?’, ‘what is the
time required to travel X meters?’, ‘are there any outliers? if so, which?’. The worksheets
were handed out at the start of the lessons. The answers to the worksheet questions
together with audio recorded answers to teacher questions in P1 are the main data
sources. The first two probes are executed in regular physics lessons, the last by appoint-
ment with the technical assistant in the prep room, as is usual if only one setup is
available.

Probe P1
After watching a movie scene of Spiderman swinging between tall buildings (Webb,
2012), where his motion can clearly be seen and the time for half a period can be
measured accurately, student pairs develop a plan to investigate whether this motion
is realistic. Their plans are discussed in class to make sure students understand the
task and know how to obtain highly accurate data. While data are gathered in pairs

Figure 3. Practical probes P1–3 on analysis of data and drawing conclusions
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they are asked how they will go about establishing a relationship between variables from
these. Thus is explored whether their actions are guided by a plan of approach and
whether they are aware of appropriate data analysis strategies.

Student pairs then predict the ‘swing time’ of a 5-m long swing by using their measure-
ments (C1, C2 & C7). Their predictions are tested in the next lesson by actual measure-
ment. Using this additional data point, each pair is asked again to predict Spiderman’s
swing time if the movie was realistic and thus to answer the research question (C5).

Probe P2
Student pairs establish the relation between the distance travelled and time required (C1
& C2) for a marble rolling on a horizontal track. As time is measured by hand, measure-
ment uncertainty ought to be considered. Student pairs compare their datasets with those
of others (C3 & C4), interpolate or extrapolate the travel time for two new distances (C7)
and draw a conclusion about the type of motion of the marble (C5 & C6).

Probe P3
Using a cart on a frictionless inclined track, student pairs investigate the relation between
travelled distance and time (C2) and compare their datasets with other pairs to investi-
gate the influence of the incline. Measurement uncertainty plays almost no role as an
automated, accurate timer is used. Student pairs draw conclusions about the car’s
motion (C5 & C6) and predict its travelling times (C7).

Potential interference of other types of knowledge

A student lacking adequate knowledge of PACKS types A–C (of the research question,
the situation at hand and the measuring techniques used to study it) may be prevented
from succeeding in a probe even if the necessary type D knowledge is present, involving
competence in analysing and interpreting the data. To exclude potential interference of
this kind we used clear and simple inquiry tasks (A) employing familiar instruments and
methods (C) in situations studied previously at a basic level (B). More specifically, probe
I1 requires understanding only of the graph itself, how it came about is irrelevant to
answering the questions. The situation of uniform motion in I2 ought to be familiar
to students as it was taught previously, as will be verified. In I3, students are familiar
with weather balloons and temperature measurements. Piloting with similar students
shows that no interference is to be expected. In the interview probes, students are
invited to ask for clarification of aim, method or phenomenon before being questioned
further.

The practical probes are introduced by the teacher or assistant demonstrating the
equipment. Student responses are used to verify that students understand the purpose
of the tasks, the nature of the situations and are familiar with the equipment, and thus
enabled to answer the questions probing knowledge of type D. More specifically, in P1
we verified that students understood and accepted the model for Spiderman’s motion,
and that students are familiar with the equipment and measurement techniques (stop-
watch, ruler, scales). A detailed knowledge of pendulum physics is not required here.
In P2 we verified that all students were able to collect the required data, implying they
understood what to do and how to use the instruments (stopwatch, rulers). Since
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students should be familiar with the kinematics of uniform motion we expect no inter-
ference of knowledge type B either. In P3, the teaching assistant helps students with their
first measurement to familiarise them with the equipment. Students are expected to
perform a simple comparison using the theory of uniform acceleration, taught in the pre-
ceding two years.

The interviews and practical probes are carefully monitored for signs of interference
from other knowledge types and findings reported accordingly.

Data analysis

Following Schalk et al. (2008) who analysed students’ application of CoE in biology,
attainment criteria were specified for each competence and each probe. The three com-
petence attainment levels (novice, intermediate and master) in Table 2 were defined on
the basis of Lachmayer et al. (2007) for C1, (Boohan, 2016b) and (Lubben et al., 2001) for
C2; (Toulmin, 2003) and Gott and Duggan (2007) for C6. In all competences, the level
‘novice’ was allocated if none of the other levels applied.

For each probe and each pair, the attained competence level was determined. Since
each probe addresses only a subset of competences, the number of relevant probes per
competence varies (see Table 1). For each competence and level, the number of probes
in which that level is attained was divided by the total number of probes addressing
that competence. These fractions are interpreted as the competence levels of the whole
sample. E.g. since ‘mastery’ of competence C4 was observed in 32 probes out of 109
probes relevant to C4, we express that level as: Master C4 = 32/109 = .29. While these
numbers provide an overall, global description of the attainment levels of the sample,
we provide a more detailed, qualitative illustration of each competence using students’
thoughts and actions as expressed in the documents.

The analysis of attainment levels was carried out independently by a second researcher
for 20% of the probes, randomly selected from the total sample. No significant differences
with the original analysis were found, we regard the initial analysis as valid and reliable.

Results

An overall description of the attainment levels across different competences, constructed
as outlined above, is given in Figure 4. Immediately obvious is that master level is
attained across the sample only in competence C1. The figure also shows that these stu-
dents generally do not make use of argumentation to justify their conclusions (C6). A
further, qualitative elaboration of the data per competence is presented below. Labels
such as ‘P2-10’ are used to refer to, in this case, the record of student pair 10 performing
probe P2.

Exclusion of interference of PACKS types A–C

Since in each of the practical probes P1–3, all responses include an appropriate graph of
relevant data and attempts to identify pertinent relationships between one or more
salient dependent and independent variables, students’ PACKS of types A–C appears
adequate for these tasks. In interview probes I1–3 (see Appendix), questions Q1–4
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require answers about the appearance of the graph that do not require PACKS types A–
C. Questions Q5–7 require PACKS of types A and B and findings are discussed among
the relevant competences, C5–7.

Attainment level of competences

Competence 1: Visualising data
All students construct suitable graphs to visualise the data, including labels, units
and suitable scales. Figure 5 displays a typical and correct graph. Aside from some

Table 2. Level attainment criteria (where level ‘Novice’ is allocated if neither ‘Master’ nor
‘Intermediate’ apply).
Code Competence Master Intermediate

C1 Visualise data graphically and use/
interpret these

In the graph drawn
(1) independent variable is assigned to x-axis,

dependent to y-axis
(2) axes are labelled
(3) data points are plotted
(4) (4) scale is drawn, sensible range chosen.

One aspect missing

C2 Establish the correct trend line. In the trendline established
(1) is considered whether the origin is part of

the dataset,
(2) is accounted for whether the data pattern

is straight or curved
(3) (3) the drawn line passes as closely as

possible to the data points

(1) or (2) ignored

C3 Qualitatively describe and identify
the main features of a dataset or
trend

Description includes
I1: labels, starting point, 3 features of shape
I3: labels, 3 regions
P2: graph’s shape, technical specification
(‘gradient’, ‘slope’), essential features clear
enough to reproduce the graph

No more than two
missing

C4 Describe qualitative similarities and
differences between datasets

A correct qualitative comparison of shapes and
gradients of graphs of different data sets is
given

One comparison
missing or incorrect

C5 Draw a conclusion which is
supported by the dataset

All of the following are satisfied:
(1) the conclusion answers the research

question,
(2) the conclusions is backed by the data,
(3) (3) the most extensive conclusion is drawn

that fits the data.

Only (1) and (2) are
satisfied

C6 Justify the conclusions and indicate
restrictions concerning the data
analysis and conclusions

Conclusions are actively supported though
explicit backings, qualifiers, rebuttals and
warrants. One at most is missing of:

(1) provides the reasoning through which the
data support the claim;

(2) accounts for level of data accuracy;
(3) discusses limitations of data, analysis,

claims
(4) (4) accounts for assumptions underlying

conclusions

(1) and (2) or (3) are
present.

C7 Estimate the value of a variable
using interpolation or
extrapolation

(1) Predicted values accord with theoretical or
teacher’s values.

(2) (2) Justification is given of the method.

Suitable method is
found but not well
applied.
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students who do not place the independent variable on the horizontal axis (14%)
or do not label the axes at all (12%), most graphs (67%) meet all scientific
conventions.

Figure 4. Attainment levels per student pair in each competence (N = 51).

Figure 5. A representative graph from P2 (P2–3) with travelled distance displayed on the x-axis and
the measured time on the y-axis. Scientific conventions (C1) are satisfied, the trend line is smooth,
partly connecting the data points (C2).
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Competence 2: drawing a trend line
Students’ ability to draw a trend line differs substantially across probes, as is illustrated in
Figures 5–7. Some students simply connect the dots, or disregard measurement uncer-
tainties in some other way (41%). Students often cannot produce a trend line, either
because they do not understand the concept or are unable to construct it. If present at
all, the concept of a trend line is not expressed with detail or precision, as is illustrated
in this dialogue between the researcher (R) and a student (S) during probe P1:

R: How will you establish the relationship between the variables?
S: Draw a graph. (R: And then?) Looking whether it is a linear relationship, or another

odd one… (R: By?) By looking how the line goes.
R: And if is not a linear relationship, then?
S: Then it is a different kind of relationship. Or none at all.

Similarly, many students look for a linear trend but are unaware of alternatives if the
pattern is different, as is reflected in their graphs in P1. Yet, if they obtain accurate
measurements in P1, many students (60%) draw the curved line of best fit suggested
by the data. However, when one datum is added to the dataset well beyond the initial
range for a very long swing, about half the students revert in some way to drawing a
straight line, as shown in Figure 7.

In I2, the fact that the movement starts from rest implies that the graph must start
horizontally and curve upward. 50% of the students do not provide this interpretation,
but rather than failing to interpret the given they appear to ignore it altogether.

Figure 6. A straight line is drawn in I2, disregarding the identified anomaly at t = 9 s. As the graph
displays the motion of a ball, starting from rest, in a travelled distance versus time graph, the
origin should be used as well.
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Competence 3: describing a dataset
In the interviews, students experience exceptional difficulties in describing a graph verb-
ally. Important features such as, e.g. the process it represents, the value of the y-intercept
or the shape are omitted. Most students fail to use (correctly) such scientific terms. The
information density of the graph seems to influence the quality of descriptions negatively,
as graph I3 tends to be described less elaborately than I1. The students’ struggle is illus-
trated in the following (I1–25):

R: How would you describe the graph to someone who does not see the graph?
S1: Upward with curves.
S2: Increasing rise, decreasing decline.
R: Have you described all essential features?
S1: I expect it to stop at the end.
R: What do you mean with stop at the end?
S1: That it runs horizontally. [No further details are given.]

This excerpt contains a mixture of scientific terms and colloquial terms. As in many
interviews, the description is brief and qualitative, it does not provide insights in the
most essential features of the graph. Some students’ statements are categorised at
‘master’ level, but even those tend to be brief. A few statements, such as the following
quote from P2–10 provide an extensive, correct description of a fair number of charac-
teristic but also lacks some essential information (e.g. its slope):

Figure 7. In probe P1, students investigate how the swing time (y-axis) is affected by the length of the
swing (x-axis). Some students combine a curved and a straight line to connect the last datum of initial
dataset with the additional datum at l = 5,0 m, both indicated with arrows.
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On the x-axis is the distance in cm with a 10 cm interval. The time is on the y-axis with a 0.1
s interval. The line is fairly linear. We have also drawn the maximum, minimum and average
value.

Students (60%) report at the end of the interview that describing the graphs is hard
and that they are unsure what to describe. Several students confide that in a practical
report, they would provide more information and use more difficult words as that
would probably lead to a higher mark as it would be more likely to include the
required details.

Competence 4: comparing datasets
Over 60% of students’ answers are categorised as intermediate because they include
either a comparison of shape or steepness, but rarely of both. Students compare the data-
sets merely qualitatively and by sight, superficially. Comparisons are brief and provide
little insight into the precise differences and similarities, even if students were specifically
asked to do so. The tools for comparing datasets that students ought to have acquired in
mathematics are not applied at all. The following are typical examples at intermediate
and master level, respectively (P2–8; P3–22):

Same relation. A few deviating points. Our line goes through most points. Theirs through
all.

We both have a quadratic relation. Their graph is slightly steeper than ours.

Competence 5: drawing conclusions
Students’ answers reflect an understanding of the situations and the questions asked
about it (PACKS types A and B), in accord with prior learning and our expectations.
In respect of C5, a conclusion is rated ‘intermediate’ if it answers the research question
and accords with the data – an optimally informative answer is not required. The sub-
stantial ‘intermediate’ fraction in C5 (Figure 5) therefore includes superficial conclusions
such as, e.g.:

as time increases the travelled distance of the marble increases (25% in I2),

the marble accelerates. (50% in I2)

Many of the conclusions simply restate the results, e.g. for I3–28:

The higher you go, the colder it becomes. The temperature doesn’t fall below -70 above
12 km. At 2000m it drops below 0.

Competence 6: specifying limitations
The first two examples in the above section illustrate that students often do not clearly
link the data to their conclusions. The specific evidence supporting a particular claim,
or whether that evidence suffices to make the claim acceptable is not provided. There
are exceptions to these superficial, unsubstantiated conclusions, but only in P1 where
most students conclude that Spiderman’s swing in the film is unrealistic, e.g. (P1–2 & 5):
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the swing time is much smaller than we found using the pendulum.
If our calculations are correct and the sling is indeed 50 m long, then the motion of

Spiderman in the movie is not possible.

Two groups include qualifiers (with an example printed above in bold) in their con-
clusion. However, students generally do not support their claims with arguments.

Since students answers to I3-Q5 & 6 reveal an insufficient knowledge of the atmos-
phere (PACKS type B) to suggest appropriate ways to address the limitations of the
given measurements, these data are excluded from further consideration here.

Competence 7: predicting the values of variables
Students are generally aware of extrapolation and interpolation as techniques for estimat-
ing values based on measurement and show adequate PACKS types A–B in all probes. In
cases where the mathematical relationship between the two physical quantities is directly
proportional and the measurement uncertainty small, they apply these techniques cor-
rectly. However, if the uncertainty in the measurements is more substantial, students
tend to incorrectly connect the data points (C2) and fail to interpolate properly. Some stu-
dents use a direct proportional relation when they identify it as a linear relation, forgetting
to take the y-intercept into account. In P1, half of the students extrapolate values based on a
direct proportional relationship though the trend is curved. Two groups correctly predict
the ‘swing time’ of a 5 m long swing but fail to explain why their method is justified.

Discussion

Our findings accord with previous studies reporting that students of various ages have
difficulties in analysing data (Bailey & Millar, 1996; Kanari & Millar, 2004; Lubben &
Millar, 1996; Millar et al., 1994). In analysing the data, we confirmed the students’
ability to visualise the data graphically and look for a linear pattern. Although students
learned in mathematics how to establish proportional, linear and squared relations and
studied various aspects of data analysis, they have no strategy available to analyse the data
unless the relationship is directly proportional. The failure to apply in physics what was
learned in, e.g. mathematics is known as a transfer problem (Boohan, 2016b; Leinhardt
et al., 1990; Wong, 2017). This study extends results reported there about qualitative data
analysis to the students’ approach and the difficulties experienced in quantitative data
analysis and, below, in drawing conclusions based on empirical data.

Throughout all tasks, students make mistakes and encounter difficulties that prevent a
successful data analysis and lead to merely superficial conclusions. Students tend to
ignore or be unable to use all relevant information in constructing a graph. They have
trouble in describing graphs and are not fully aware of their purposes in science
reports. They do not always distinguish linear relationships from other types, but if
they do, fail to apply that insight correctly in predicting a value. When analysing the
data, they hardly use their existing knowledge of physics or mathematics. As a conse-
quence, their conclusions are often superficial, unsubstantiated and without specification
of limitations to their validity or reliability. Out of seven higher-order data analysis com-
petences expected of students at this level, only one, drawing a graph given a quantitative
dataset, is attained at an acceptable level in the sample.
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The participants in this study enjoyed some of the best compulsory science education
available in the Netherlands, belonged to the top 40% of Dutch students in terms of aca-
demic ability and had, since they had elected a science-based exam programme,
expressed an interest and willingness to learn science. Our results indicate, albeit in a
small sample but without any reason to regard these students as special, that in the
area of data analysis and interpretation they have not attained scientific literacy as
specified by national and international curricula, nor the level assumed at the start of
post-compulsory science education. Addressing the problem seems to be relevant.

We tentatively identify four areas of concern in mapping a way forward:

(1) Students rarely attach intrinsic (scientific) relevance or value to the questions or pro-
blems we present (Hodson, 1990, 2014). They are quite willing to please their teacher
and do as they are asked but the issues at hand seem rarely to relate to any concern or
interest of their own. They are quite satisfied with a common sense or superficial
answer to the questions but note that in a report they would embellish their
account by using ‘difficult’ words in the expectation of obtaining a higher mark.
We should try to engage students in inquiry that they too see as relevant and worth-
while if we expect them to invest in learning how do inquiry well.

(2) As found by others (Abrahams & Millar, 2008; Millar et al., 1999; Pols, 2020), stu-
dents happily leave judgement on the quality of the answer to the teacher or
another external authority. This is arguably not conducive to an approach that
takes on the rigour and thoroughness required in scientific inquiry. The Spiderman
probe (P1) provides a notable exception: here, some students clearly are personally
interested in finding out if movies depict Spiderman’s movements realistically, and
eager to carry out additional measurements on their own to obtain more information
about what happens if a swing’s length increases from 1 to 5 m. Students engaged in
personally relevant and worthwhile inquiry can be expected to become interested in
finding useful and trustworthy answers, and stimulated to take responsibility for
finding these.

(3) Useful, trustworthy answers are optimally supported by cogent arguments connect-
ing claims to data. Inquiry ought to aim at students constructing these arguments
and develop the understanding that a scientific approach is optimally suited to
doing so (Gott & Duggan, 2007; Hodson, 2014; Hofstein & Kind, 2012; Woolgar
& Latour, 1986).

(4) Students need to develop an understanding of what counts as convincing evidence in
a scientific argument and develop an understanding of the CoE (Gott & Duggan,
1996, 2007; Lubben & Millar, 1996; Millar, 1997; Roberts & Reading, 2015; Welling-
ton, 2002).

This combination of characteristics is probably necessary, but not necessarily
sufficient in constructing a viable pathway of inquiry learning. Our current research is
directed at developing and evaluating these ideas in a practical sense (Pols et al.,
2019). We think we may do so by changing students’ task perception to that of an experi-
enced scientific researcher: find and defend the best possible answer given the circum-
stances. This study provides both instruments that are useful in establishing what
learning takes place, and a starting point for deriving suitable learning activities.
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The findings imply students should develop their data-analysis skills before they
can be expected to apply these independently. To this end, the probes can be
adapted. Probes I1–3 can be carried out using a classroom discussion. As Wellington
(2002) suggests: after students elaborate their views, the teacher discusses what fea-
tures are essential, what patterns can be detected, and if available, how theory of
the phenomenon might help in doing the analysis. In this way, ‘the students’ con-
clusions are valued, discussed and related to the teacher’s hoped-for conclusion’
(Tasker & Freyberg, 1985).

Data gathered in the practical probes can be shared on the interactive whiteboard and
discussed with a focus on similarities and differences in the datasets. Sharing the
measurements reveals spread in measurements, similarities in shape, difference in
slope, etc. In this way, the central part of practical work is the discussion and meaning
making of the data rather than merely gathering data to confirm a known relationship
(Abrahams & Millar, 2008; Gunstone & Champagne, 1990).

Limitations

Eventually, we will be interested in establishing whether secondary students can
develop and apply in an integrated way the full scope of PACKS. This study
addresses only a small section of it, referred to as PACKS type D, where potential
interference of types A-C was reduced as far as possible. Therefore, while a baseline
of this knowledge type is established for a specific age and ability group, a more com-
prehensive approach will eventually be required. Similarly, we used a small scale,
qualitative approach, providing our baseline with depth and detail. While we have
argued that the findings have a fair degree of generalisability, a more quantitative
and large scale confirmation may be desirable.

Conclusions

This study investigates Dutch students’ ability to analyse and interpret experimental data
by constructing adequate data representations and drawing qualified, appropriate, defen-
sible conclusions from these data. Seven associated competences, distilled from contem-
porary curricula in the international literature, specify what we can expect in that area of
15-year-olds in a science-based program. The attainment level in these competences is
established in a sample of 51 students of two intact science classes using three think-
ing-aloud and three practical probes. Both approaches show that students encounter
many difficulties in analysing and interpreting data. The competence of constructing a
graph from given data is the only one that was adequately mastered. We argue that
neither the students’ academic level nor the quality of the education they had received
can account for these results. There is every reason to expect that these results are rel-
evant in much wider settings than the one studied here. In this particular respect, the out-
comes of Dutch compulsory science education fall well short of realising scientific
literacy for all. The findings further imply that before students can benefit from more
‘open’ practical work in developing independent scientific research competences, they
first or concurrently need support in developing the data analysis and interpretation
competences studied here. Before students can be expected to analyse and interpret
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data without help, they will have to overcome the many problems uncovered or
confirmed here.
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Appendix

Probe I1:
Q1a: How would you describe the graph to someone who does not see the graph?
Q1b: Have you described all essential features, or would you like to add something?
Probe I2:
Q1: What kind of event can this be a graph of?
Q2a: How would you describe the graph to someone who does not see the graph?
Q2b: Are there any special data points?
Q3a: What would be the line that best fits these measurements? Discuss and subsequently draw

that line.
Q3b: Are there other lines that could fit as well?
Q4: Would a line going through the origin fit well with these measurements?
Q5: What conclusion can you draw from this graph about the motion described with this

graph?
Q6: After how much time has the ball travelled 4 meters?
Q7: After how much time has the ball travelled 9 meters?
Probe I3:
Q1: What could these measurements be about?
Q2: What would be the line that best fits these measurements? Discuss and subsequently draw

that line.
Q3: How would you describe the graph to someone who does not see the graph?
Q4a: Is the description you just gave the same as you would write in a report?
Q4b: Why (not)? What else would you include? Why?
Q5: Using these measurements, what could a conclusion be about?
Q6: What additional information would you like to receive in order to draw a more reliable

conclusion?
Q7: What was the most difficult part of the interview?
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