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Abstract The present study employed a quasi-experimental design to assess a computer-
based tool, which was intended to scaffold the task of designing experiments when using a
virtual lab for the process of experimentation. In particular, we assessed the impact of this
tool on primary school students’ cognitive processes and inquiry skills before and after the
study’s treatment, using pre- and post-tests. Our research design involved a group of
students who used the computer-based tool/scaffold to design the study’s experiments
(experimental condition) and a group of students who used a paper-and-pencil worksheet
as a scaffold to design the same experiments (control condition). The primary finding of
the study was that the use of the computer-based experiment design tool had a more
positive effect on students’ inquiry skills related to identifying variables and designing
investigations than the paper-and-pencil one. This might be attributed to the functionalities
provided only by the computer-based experiment design tool, which enabled students to
focus their attention on crucial aspects of the task of designing experiments through (1)
maintaining values for constant variables when planning experimental trials and (2) the
provision of instant feedback when classifying variables into independent, dependent and
controlled variables. Moreover, students in the two conditions displayed differing patterns
of interactions among cognitive process and inquiry skills. Implications for designing and
assessing similar computer-based scaffolds are discussed.
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Introduction

Experimentation has been at the forefront of science education and at the heart of inquiry-
based learning (van Joolingen and Zacharia 2009). It is highly valued because of its
positive impact on students’ science learning (Hofstein and Lunetta 2004; Zacharia 2015;
Zacharia and de Jong 2014). However, due to its complex and demanding nature, it poses
several challenges to students, especially during the design phase (Zacharia et al. 2015). In
the experimental design phase, students are expected to identify which are the independent
and dependent variables, specify which dependent variable will be investigated in relation
to which independent variables in each round of experimentation, and follow the principles
for ensuring that a fair experiment is conducted (i.e., by varying one independent variable
at a time while keeping all other variables the same). Needless to say, failure to implement
an appropriate experimental design will lead to failure in addressing the hypotheses under
investigation (Arnold et al. 2014; Pedaste et al. 2015). As a result, teachers are puzzled
about how to support their students during the experimental design phase (Furtak 2006;
Kirschner et al. 2006). The latter becomes even a greater challenge, if you consider that
there are several researchers arguing that the familiarization with experimental design
should begin as early as primary school (e.g., Klahr and Nigam 2004).

In this study, we aimed to contribute to this line of research. In particular, we examined
how a computer-based tool for designing experiments (“Experiment Design Tool”,
henceforth “EDT”) could support primary school students’ learning, particularly their
cognitive processes (i.e., “to remember”, “to understand”, “to apply” and “to think
critically and creatively”) and certain inquiry skills (i.e., “identifying variables”, “stating
hypotheses”, “operationally defining, and designing investigations”), when using virtual
labs in a computer-supported inquiry learning (CoSIL) environment. We used the Go-Lab
CoSIL environment (Go-Lab Sharing and Authoring Platform 2015), which includes,
among other resources, virtual labs and a tool for designing experiments. For assessing the
impact of the computer-based EDT, we implemented a quasi-experimental design that
involved two conditions. The first one made use of the computer-based EDT and the
second one made use of a paper-and-pencil worksheet, which was designed to scaffold the
process of designing an experiment. The two conditions differed in two aspects offered
only by the computer-based EDT, namely, the provision of feedback concerning the
classification of variables into independent, dependent and controlled variables, and in
maintaining values for controlled variables when planning experimental trials while
requesting handling the independent variable at hand. Both of these affordances aimed at
further problematizing the design of fair experiments for the students of the experimental
condition. The subject domain of buoyancy was selected for our participants to study,
because it is a topic with which students usually face problems when experimenting,
including when designing a fair experiment (Hsin and Wu 2011; Marschner et al. 2012;
Meindertsma et al. 2014).

This paper is organized into four parts. In the first part we discuss the value of
experimentation in science education and report some of the problems that students face
when experimenting, especially when designing a fair experiment. Right after, we report
on the support mechanisms (e.g., scaffolds, heuristics) found in the literature for supporting
students to overcome these problems, particularly when working with virtual labs in CoSIL
environments. In so doing, we want to provide some background on what has been done so
far to support the design of an experiment process when using virtual labs in CoSIL
environments. We also situate this latter discussion within the buoyancy context to provide
the reader with the background information on what prior researchers have found

Q) Springer AECT



Providing guidance in virtual lab experimentation: The case... 769

concerning the effect of CoSIL guidance tools on student’s learning of buoyancy concepts.
Furthermore, we discuss the difficulty in designing effective scaffolding software due to
the need to reconcile two rather contradictory requirements, namely, structuring learning
tasks (e.g., decreasing the complexity of a learning task by breaking it down to smaller,
simpler, more manageable sub-tasks) versus problematizing learning for students (e.g.,
show to the students problematic aspects of their learning and ask them to handle them).
The idea behind this discussion was also to set the basis for discussing our study’s results
later on, given that our study’s conditions differ in terms of the level of problematizing the
design of fair experiments for students (structuring was the same for both conditions). In
the second part of this article, the methodology followed is presented. In the third part,
information on the results of the study is detailed. Finally, in the fourth part, the findings of
the study are discussed.

Theoretical background

Several researchers have argued that experimentation is an indispensable part of science
education for promoting student knowledge and skills, while it also presents pedagogical
challenges best suited for student-centered learning approaches (e.g., Kremer et al. 2014;
Minner et al. 2010). Experimentation can help students confront their prior knowledge with
evidence derived from activities planned and undertaken by students themselves. Such a
confrontation is highly valued in learning by inquiry, because it facilitates students’ ability
to self-regulate their own learning (de Jong 2006). Indeed, designing an experiment might
be seen as the organizing principle of an entire inquiry cycle, namely, a complete sequence
of phases for concluding an inquiry in science education (Pedaste et al. 2015). In this
regard, the first set of activities involves developing an experimental design by identifying
the variables involved in an experiment, and formulating hypotheses. Running the
experiment, as well as gathering and interpreting data, follows after experimental design.
When focusing on experimental design alone, a number of steps are necessary to design a
fair experiment. Due to the complexity of this serial processing of tasks and the high
probability of making an error along this linear chain of learning activities, this part of the
inquiry cycle has been characterized as the most demanding phase (e.g., Lin and Lehman
1999). Designing fair experiments has proven to be quite difficult for students (Arnold
et al. 2014; de Jong 2006; Furtak 2006; Kirschner et al. 2006), and considerable effort has
been undertaken to develop and assess computer-based tools and scaffolds for guiding
experimental design (Zacharia et al. 2015).

A very useful strategy in learning how to conduct fair experiments is to vary only one
variable at a time in successive experimental trials (i.e., the “vary one thing at a time” or
“VOTAT?” heuristic; see, for instance, Glaser et al. 1992; Loucks-Horsley and Olson 2000;
Tsirgi 1980; Veermans et al. 2006). This is strongly related to the ability to control
variables (i.e., “Control of Variables Strategy” or “CVS”, see, for instance, Klahr and
Nigam 2004; Lin and Lehman 1999). Both the VOTAT heuristic and CVS are crucial for
inferring causal relationships between variables and for planning unconfounded experi-
ments (Arnold et al. 2014). This is because varying one variable at a time and keeping all
other variables constant allows the experimental outcome for the dependent variable to be
attributed to the variable that was varied. Obviously at least two successive experimental
trials will be needed for the VOTAT heuristic to yield a conclusion (Marschner et al.
2012).

A number of researchers have recognized the need to provide support to learners
through a tool for designing an experiment, including designing an experiment while using
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virtual labs in CoSIL environments. The aforementioned guidance tools used for sup-
porting the process of designing an experiment, namely the VOTAT and CVS heuristics,
have also been implemented in CoSIL environments (Zacharia et al. 2015). A predominant
purpose of software scaffolding has been to structure tasks (de Jong et al. 2012; Simons
and Klein 2007). This guidance often goes together with re-focusing learner attention on
more demanding or productive aspects of learning activities (Reiser 2004) and is highly
compatible with a typical definition of scaffolding, where the objective is to assist learners
in moving towards higher levels of cognitive processes or inquiry skills, which would not
be accessible in the absence of that guidance (Saye and Brush 2002). A recent review in the
field of science education has revealed that the phase in which students design their
experiments and perform their investigations has received the most support from software
scaffolds, including the use of the VOTAT heuristic (Zacharia et al. 2015). However, the
results for the effect of this heuristic on student performance have been mixed (Zacharia
et al. 2015). For example, providing prompts for experimentation based on the VOTAT
heuristic was reported to favor reasoning skills (Chang et al. 2008). On the other hand,
embedding the VOTAT heuristic in another computer-based tool did not have any note-
worthy effect on student learning (Marschner et al. 2012).

The indeterminate findings reported for software scaffolds equipped with the VOTAT
heuristic have also been seen in the context of buoyancy, which is the topic addressed by
our participants in this study. Marschner et al. (2012) reported that feedback and prompts
promoting the VOTAT heuristic in a computer-supported learning environment did not
yield gains in knowledge and skill. According to these authors, the enactment of feedback
and prompts might have interrupted the learning activity sequence, which could have
further reoriented student attention away from the domain; all of these consequences might
have backfired by having an undesirable effect on student knowledge and skills. Con-
versely, non-technological instructional support based on the VOTAT heuristic has been
effective in promoting understanding of sinking and floating among preschool and primary
school children (Hardy et al. 2006; Havu-Nuutinen 2005; Hsin and Wu 2011; Rappolt-
Schlichtmann et al. 2007).

With regard to sinking and floating, the primary difficulty to overcome across age
cohorts and educational levels has been learners’ spontaneous heuristic of focusing on a
single property. Most often, students concentrate on an object’s weight to predict whether
this object would sink or float in a fluid (Hsin and Wu 2011; Loverude et al. 2003;
Meindertsma et al. 2014). The VOTAT heuristic has been promoted to address this
learning difficulty in primary school (Heron et al. 2003), since it is expected to scaffold
learners to consider multiple properties. Learners need to keep either mass or volume
constant to investigate the sinking or floating of different objects in a given fluid. Further,
learners need to keep either object density or fluid density constant to study the outcome of
immersing objects of different density in fluids of different density.

Structuring learning tasks versus “problematizing” student inquiry
for students in CoSIL environments

A substantial part of the difficulty in designing effective scaffolding software could arise
from the need to reconcile two apparently contradictory requirements, namely, structuring
learning tasks versus problematizing inquiry for students.

Structuring learning tasks aims at decreasing the complexity of a learning task by
breaking it down to smaller, simpler, more manageable (sub-)tasks and/or by re-focusing
learners’ attention on to the important aspects of the task at hand (Quintana et al. 2004). Of
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course, there is always the threat of oversimplifying a task for students, which could lead to
unproductive learning paths (De Boer et al. 2014). In this case, computer-based scaffolding
should provide structure to a level that still allows the learner to follow a productive path.
A classic example of providing structure is to partition complex tasks and have them be
processed serially (Clarke et al. 2005; Kalyuga 2007; Pollock et al. 2002). With regard to
experimental design, this would mean that a tool might segregate the task in subsequent
steps. Specifically, it might first guide students to outline different categories of variables
(i.e., dependent variables, independent variables, controlled variables), then assign values
to independent and controlled variables, and finally, plan all necessary experimental trials
to carry out an experiment (van Joolingen et al. 2011).

Problematizing student inquiry requires from teachers or the CoSIL environment itself
to reveal to the students the problematic aspects of their inquiry enactment. Learning
occurs when the students consider and treat these identified problematic aspects as prob-
lems to be solved (e.g., turn an initial (unfair) design of an experiment into a design of a
fair experiment). The level of difficulty of these problems is affected by the level of
structuring and the level of guidance provided to the students. The more structuring and
guidance provided, the less problematizing instances will occur. Hence, problematizing
inquiry learning for students requires handling the structuring of the learning task in a way
that it allows the student to be challenged (Reiser 2004, Molenaar et al. 2010). With
regards to designing an experiment, which is at the center of this study, an instance of
problematizing this process for students is to leave students on their own to figure out how
to categorize the variables (dependent, independent and controlled) involved, after the
CoSIL environment has pointed to the students that they have misclassified certain vari-
ables or have not classified some of them at all.

The tricky part of problematizing inquiry learning for students is to identify the prob-
lematic aspects of a student’s learning and redirect them back to her/him for further
consideration. In the case of CoSIL environments, such a process is much easier than any
other traditional method, as long as the CoSIL used could analyse and evaluate students’
progress and draw immediately students’ attention to any resulted problematic aspects
(Reiser 2004). Such a feedback is vital, since crucial aspects of the student inquiry might
remain unattended by students, if the software scaffolds of the CoSIL environment are not
designed to provide proper feedback accordingly (e.g., Zacharia et al. 2015; Reiser 2004).
Providing prompts or timely feedback to students by software scaffolds and linking
prompts or feedback to student behaviour seems to be the preferred strategy for prob-
lematizing inquiry learning for students (Zacharia et al. 2015).

A delicate balance between structuring and problematizing would mean that learners are
supported in undertaking a demanding activity sequence and at the same time remain
actively engaged and be challenged in the learning process. Whilst structuring scaffolds
would directly support students and provide regulation to maintain them along productive
learning trajectories, problematizing scaffolds would be less directive and they would aim
at prompting students to consider alternative options (De Backer et al. 2016; Molenaar
et al. 2011; Molenaar et al. 2014). Hence, reaching to an optimum balance between
structuring and problematizing is a challenge. The literature is really poor on this particular
topic. No frameworks exist to portray how structuring and problematizing could balance
out. This is an aspect that we also wanted to examine in this study.
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This study

In this study, we aimed at implementing a well-structured treatment, by breaking the
design of an experiment process into smaller (more easily manageable) sub-processes, and
examine whether further problematizing these sub-processes for students, through the
provision of targeted feedback from the computer-based EDT, would have a different
impact on their learning (i.e., cognitive processes and inquiry skills) from students who did
not receive such feedback. In so doing, we compared two conditions (computer-based EDT
versus paper-and-pencil worksheet) that involved the same structuring, in term of the
design an experiment process, but differed in terms of the level of problematizing the
design of the experiment process for students.

Specifically, the present study aimed at assessing the Go-Lab EDT, a computer-based
scaffold for supporting students in designing experiments in the Go-Lab platform (for
details see Sect. 2.2.2), by comparing two conditions, one involving the use of the Go-Lab
EDT (experimental condition) and another that involved the use of a paper-and-pencil
worksheet (control condition). The paper-and-pencil worksheet was used to scaffold the
control group’s participants when designing a fair experiment. The Go-Lab EDT was
constructed to offer structure when students of the experimental condition were designing
an experiment, as well as to “problematize” the task for students, when necessary. We
integrated this tool into a computer-supported inquiry learning environment on relative
density and monitored its influence on the cognitive processes (i.e., “to remember”, “to
understand”, “to apply” and “to think critically and creatively”) and certain inquiry skills
(i.e., “identifying variables”, “stating hypotheses”, “operationally defining”, and “de-
signing investigations”) of primary school students. Specifically, through the use of a
quasi-experimental approach, we aimed at answering the following questions:

(1) Does the use of the Go-Lab EDT impact primary school students’ cognitive
processes and inquiry skills in a different manner than the use of a paper-and-pencil
worksheet, when designing a fair experiment?

(2) Are there any interactions between students’ cognitive processes and inquiry skills
when designing a fair experiment through the use of the Go-Lab EDT or through the
use of a paper-and-pencil worksheet? If yes, how do these interactions compare
between the two conditions?

Methods
Participants

The sample included 26 fifth graders (10-11 years old) from two classes in a public
elementary school in Limassol (Cyprus), which was randomly selected (i.e., all schools
were first numbered and then one school was chosen by means of a random number
generator). The two classes were randomly assigned to a condition. One class (5 boys, 9
girls) served as the experimental condition (i.e., use of the Go-Lab EDT), while the other
class (7 boys, 5 girls) served as the control condition (i.e., use of a paper-and-pencil
worksheet). Both classes included students of mixed ability (i.e., a class with students of
varying competences, skills and knowledge levels in science). All students had basic
computer skills and were able to carry out learning activities in the computer-based
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learning environment. Additionally, all students had already been taught about sinking and
floating in the previous school year, which had involved putting objects of different
densities in containers of water. The learning environment in this study addressed an
advanced buoyancy context including sinking and floating, for objects of different densities
in fluids of different densities.

Materials
The learning environment

An Inquiry Learning Space (ILS) was developed by means of the authoring tool of the Go-
Lab Project (de Jong et al. 2014). The ILS addressed the context of relative density
(Inquiry Learning Space on Relative Density 2015) and presented a sequence of learning
activities arranged in different phases of an inquiry learning cycle (Pedaste et al. 2015). In
the first phase (orientation phase), students were introduced to the topic under study
through the use of a driving question and then explored the basic terminology of the subject
domain. A learning activity followed that required from students to make use of their prior
knowledge, and then, they watched a video. Next, they outlined variables they were going
to use and formulated their hypotheses (conceptualization phase). The upcoming phase
involved experimentation in a virtual laboratory (investigation phase). This laboratory is
called “Splash Lab” (Fig. 1) and it was developed in the Go-lab platform (Go-Lab —
Learning by Experience 2015) to study sinking and floating and relative density, as well as
buoyancy and the Archimedes principle (Splash: Virtual Buoyancy Laboratory 2015).
Students had the opportunity to investigate objects put in containers with fluids. They were
able to set values for the mass and volume of objects, as well as for the density of the fluid
through the use of sliders (see Fig. 1). Then they ran the experiment and observed whether
the object sank, or floated. The results of their experiments were presented in a table on the
right side of the Splash Lab interface. Before students performed their experiments, they
had to design them. For this purpose, students in the experimental group used the Go-Lab
EDT, which was the focus of the present study (see Sect. 2.2.2). Students in the control

Object properties
Mass 250.00/g
Volume 250.00/cm?
& Density 1.00/ g/cm? Amber
Fluid 1.00| gijcm® Water
e [Resut= ____________________|
m v P Fluid Outcome
A & 250 250 1.00 1.00 ?
B & 150 150 1.00 1.03 ? B
CcC & 50 S0 1.00 1.00 ? 8
J J J ' D @ 50 100 050 100 2 &
E @ 100 50 200 100 ? &
F @ 400 300 133 100 ? ©&
\ \
= N~
A 8 o D E E
[Run |[ Refresh | [ Delete |

Fig. 1 Splash Lab interface (http://www.golabz.eu/lab/splash-virtual-buoyancy-laboratory)
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group used a worksheet developed for the same purpose (see Sect. 2.2.3). After having
gathered their data, students evaluated their hypotheses and reached a conclusion (con-
clusion phase). During the last phase of the inquiry cycle (discussion phase), students
reflected upon the learning activity sequence in whole-class discussions guided by the
teacher.

The Go-Lab Experiment Design Tool

The Go-Lab EDT was used only by students in the experimental group (Experiment Design
Tool 2015). It was constructed in order to structure the task of experimental design as well
as problematize the task for students, when necessary.' Specifically, the tool structured the
process of experiment design as a three-step serial sub-processes: Students first had to
identify the independent, controlled, and dependent variables; then they needed to assign
values to their variables; and, finally, they had to set up their experimental trials. The tool
included a set of predefined properties and measures, which were listed on the left side of
its interface (Fig. 2). The provision of these predefined variables was another structuring
feature of the tool.

On top of structuring the process of designing experiments, the Go-Lab EDT aimed at
problematizing the design of an experiment process and sub-processes for students. For
instance, any mistakes made by the students, at any of the aforementioned sub-processes of
the design of an experiment process, were spotted by the EDT and were redirected back to
the students for fixing them. The problematizing affordance of the Go-Lab EDT was
offered through two specific functionalities. The first one appeared if students had not
classified or had misclassified any variable. In those cases, feedback was presented to
students to highlight the gap or misclassification. This setup aimed at further problema-
tizing the design of experiment for students, since an invalid classification would interrupt
the serial sequence of processing learning tasks and initiate remedial action taken up by the
student in order to re-address classification of variables. Indeed, such a remedial action
might be traced back to the considerations formulated by Wood et al. (1976) in their
ground-breaking contribution to scaffolding. The feedback provided by the tool upon an
invalid classification would initiate a regressive move backwards to tasks already
encountered but not yet settled. Once again, this problematizing functionality would
increase complexity locally to re-focus learner attention and re-orient it towards previous
steps in the inquiry process (Reiser 2004).

The second functionality was linked to assigning values for variables and setting up
experimental trials. The tool itself maintained the value of the controlled variable as
constant across experimental trials and students had to set values for the independent
variable. This latter functionality of the tool aimed at facilitating the VOTAT heuristic
(e.g., keeping the value of the controlled variable constant through at least two successive
experimental trials). In this case structuring was intertwined with problematizing the
design of an experiment for students. On the one hand, maintaining the value of the
controlled variable might have simplified the task by adding structure. On the other hand,
students would still need to assign values for the independent variable, which was
“problematizing” the learning route for them by directing their attention towards “a

! Previous research has largely conceptualized structuring and problematizing strategies of software scaf-
folds as distinct, namely, one could have the one or the other type (e.g., Kukkonen et al. 2016; Molenaar
et al. 2011). Our design incorporated structuring and problematizing strategies in one and the same software
scaffold.

Q) Springer AECT



Providing guidance in virtual lab experimentation: The case... 775

Densy fid 1 x
N +
: Experiment Design

Sinks, dnfts or oats

«cQOBEi Ealer valies G Yor Al DDA I I 5 pdantal

[Propertes | | reepoomsut | weasun |
Exp Density fwd | Damsity object || Sinks, arifs or fioats |
1 [ 100g/em® # 100g/em® et vaue ] =
&

Fig. 2 The Experiment Design Tool (http://www.golabz.eu/apps/experiment-design-tool)

situation that needed resolution” (e.g., what values should be assigned to the independent
variable?, How many values are needed?) (Reiser 2004, p. 287).

The paper-and-pencil worksheet

Students in the control condition used a paper-and-pencil worksheet which was designed to
scaffold the process of designing an experiment (Appendix 1). Students were instructed to
assign the given variables to three different columns of a table in the worksheet, which
corresponded to independent, controlled, and dependent variables, respectively. Students
were also instructed to record next to each variable its value for each of their experimental
trials (for which they used Splash Lab, as did the experimental group). Finally, students
were reminded that they might need multiple experimental trials to complete their
experiment and they were urged to add more rows to the table if necessary. As mentioned
above, the paper-and-pencil worksheet differed from the Go-Lab EDT in that it did not
offer any feedback to the learners during the design of an experiment. As a result, the two
conditions differed in that the experimental condition problematized more the design of an
experiment process for students than the control condition did.

Procedure

Before and after the educational intervention, all students completed a cognitive processes
test and an inquiry skills test (see Sect. 2.4.1). Students had 20 min to complete each test.
Students in both conditions used a computer to go through the Inquiry Learning Space
(ILS) and needed about 80 min to complete the learning activity sequence. This was done
in the school’s computer laboratory. With regard to the investigation phase, which is where
the procedure of designing an experiment had been incorporated, students in the experi-
mental and control groups had the same time to go through the learning activities. In fact, it
was observed that this time sufficed for all students to complete all planned tasks (i.e.,
about 30 min dedicated to the investigation phase). During the learning activities, the
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teacher provided only technical assistance to students, for instance, about entering or
exiting the learning environment, when this was necessary. Students in both conditions
were taught by the same teacher, who had received training on using the Go-lab platform
and who followed the same protocol in both the experimental and control group. Overall,
the teacher intervention was kept to the minimum for both conditions.

Data collection
Tests for cognitive processes and inquiry skills

We used two tests to examine students’ cognitive processes and inquiry skills, respectively.
Both instruments were administered to students before and after the educational inter-
vention. The cognitive processes test has been based on Bloom’s (1956) taxonomy of
educational objectives as revised by Anderson and Krathwohl (2001) and as further
adjusted by de Jong (2014) and Zervas (2013). Specifically, the test was structured
according to four cognitive processes arranged along a gradient towards higher-order
thinking (Table 1). The most basic process referred to students’ ability to recognize or
recall information encountered during a course, such as material, terminology, or proce-
dures (“to remember”). At the next level, students were able to organize and arrange
information so that it would become intelligible to them (“to understand”). This level
addressed understanding of concepts and definitions. When students were able to apply
information to reach an answer, they had moved on to the next process (“to apply”). In that
case, students were capable of applying acquired knowledge to work through a new task,
which was framed within a new learning context. The highest level in the gradient of
cognitive processes corresponded to adapting acquired knowledge to address a novel
context (“to think critically and creatively”). This involved screening background
knowledge and information to select aspects relevant to the novel context as well as being
able to combine these aspects and produce original reasoning. Overall, the first two pro-
cesses, namely, “to remember” and “to understand”, pertained to working within a single
context, while the latter two, “to apply” and “to think critically and creatively”, signified a
partial or full ability of transfer across learning contexts, respectively.

We included one item for each process from the taxonomy in the instrument, so the
cognitive processes test had four items, overall (Appendix 2). Two of the items (1 and 4)
were open-ended and two of them were close-ended (2 and 3). All items referred to the
subject domain of the study, namely, relative density. The test was evaluated prior to the

Table 1 Cognitive processes

Process Description

To remember (Item 1 in Appendix 2) To help the learner recognize or recall information

To understand (Item 2 in Appendix 2) To help the learner organize and arrange information mentally
To apply (Item 3 in Appendix 2) To help the learner apply information to reach an answer

To think critically and creatively (Item 4 To help the learner think about causes, predict, make judgments
in Appendix 2) and create new ideas

Processes are aligned along a gradient ranging from the most basic (i.e., “To remember”) to higher-order
processes (i.e., “To think critically and creatively”). This is a revised version of the Anderson and
Krathwohl (2001) framework [for details see de Jong (2014) and Zervas (2013)]
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educational intervention for content validity and face validity. A four-member expert panel
(one academic, one post-doctoral fellow and two in-service primary school teachers)
provided feedback concerning the content of the test. Ten fifth graders who did not take
part in the study also provided feedback in terms of wording of items and presentation of
tasks. After analysing the feedback and making all necessary adjustments, the final version
of the cognitive processes test was ready for use. For the post-test, the order of items was
changed.

For assessing inquiry skills, we selected 12 out of the 36 multiple choice items of the
TIPSII test that was developed by Burns et al. (1985) (Appendix 3). The instrument
focused on four different skills, namely, “identifying variables” (items 30, 31, 32, and 36
in TIPSII), “stating hypotheses™ (items 6, 27, and 35 in TIPSII), “operationally defining”
(items 2, 23, and 26 in TIPSII), and “designing investigations” (items 10 and 21 in
TIPSII). If we order these four skills in the typical timeline of an experimental design
procedure (e.g., Hofstein et al. 2005; Kremer et al. 2014; Minner et al. 2010), we can
distinguish between an “entry” skill, intermediate skills and an “exit” skill. Specifically,
“identifying variables” precedes as an “entry” skill. Next, variables are interrelated
through hypotheses (“stating hypotheses”) and then values are assigned to variables so that
measurements can be made (“operationally defining”). Finally, the “exit” skill is to define
the different experimental trials needed to complete the experimentation, addressed by
“designing investigations”. The two teachers, the two postgraduate students and the ten
fifth graders who were requested to provide feedback for the cognitive process test were
also asked to do the same for the inquiry skills test. After receiving teacher and student
feedback, we prepared the final version of the inquiry skills test. The order of items was
changed in the post-test.

Data analyses
Coding of items in the instruments

For the cognitive processes test, student responses for the open-ended items 1 and 4 were
coded by two independent coders to indicate scientifically acceptable or unaccept-
able reasoning. For determining the scientific accuracy of students’ reasoning, a rubric
table was used for each item, which indicated the possible scientifically accurate parts
needed to comprise a complete and scientifically correct reasoning. For example, for item
4, which involved a challenge of selecting a type of wood to construct a wooden raft so that
it would float in water (see Appendix 2), we coded as scientifically valid reasoning the one
that acknowledged different densities for different types of wood, and discussed sinking or
floating of the raft to be constructed with reference to this varying density and the density
of the water. Each one of the required parts of the reasoning, as specified in the evaluation
rubric, received a point. Right after, student performance for items 1 and 4 was adjusted to
range between 0 and 1. The idea behind this adjustment was to get a sense of how students’
performance on an item compares to another item. Inter-rater reliability for a subset of 20%
of all student responses for those two items was acceptable (Cohen’s Kappa = 0.92), while
mismatches between coders were settled through discussion. For the close-ended items 2
and 3, one point was awarded for each correct reply. However, students’ performance for
these two items was also adjusted to range between 0 and 1 (same scale as in the case of
items 1 and 4). In addition, a composite score for the whole cognitive processes test was
also calculated and adjusted to range between 0 and 1.
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For the inquiry skills test, each student received one point for each correct response to
each of the inquiry test’s close-ended items. Students’ performance for each skill was later
weighed to range between 0 and 1 (same scale as the one used for the items of the cognitive
processes test). Finally, a composite score for the entire skills test was also calculated and
adjusted to range between 0 and 1.

Overall, there were four cognitive processes (“to remember”; “to understand”; “to
apply”; “to think critically and creatively”), with their composite score, and four inquiry
skills (“identifying variables”; “stating hypotheses™; “operationally defining”; “designing
investigations”), with their composite score, all ranging between 0 and 1.

Reliability and validity of instruments

Both tests revealed acceptable reliability indices. A split-half reliability analysis showed
that Cronbach’s alpha was 0.58 and 0.65 for the cognitive processes test before and after
the educational intervention, respectively. Cronbach’s alpha was 0.59 and 0.61 for the
inquiry skills instrument at pre- and post-test, respectively. Further, we calculated
Spearman’s rank correlation indices for items within dimensions as well as Kendall’s tau b
correlation indices among dimension scores for both instruments. Items within dimensions
had significant Spearman’s rank correlation indices (p < 0.05), while there were no sig-
nificant Kendall’s tau b correlations among dimension scores (p > 0.05).

Nonparametric statistics

To examine trends in the data, we employed nonparametric tests (i.e., Mann—Whitney and
Wilcoxon signed ranks tests) and nonparametric correlations (Kendall’s tau b correlations).
This option was taken since our data were non-normally distributed. For all analyses we
used IBM SPSS Statistics 21.

Results

Does the use of the Go-Lab EDT impact primary school students’ cognitive
processes and inquiry skills in a different manner than the use of a paper-and-
pencil worksheet, when designing a fair experiment? (research question 1)

We performed Mann—Whitney tests to determine significant differences between the
experimental and control conditions in cognitive processes and inquiry skills before and
after the educational intervention. We performed Wilcoxon signed ranks tests to account
for significant trends within each group by contrasting their pre-test and post-test perfor-
mance. All tests were computed for composite scores as well as for separate cognitive
processes and inquiry skills.

Students’ overall performance for cognitive processes and inquiry skills did not differ
significantly between conditions on the pre-test (Mann—Whitney tests reported for pre-tests
in Tables 2 and 3, respectively). Additional Mann—Whitney tests computed for each cog-
nitive process and skill separately also revealed no significant differences between the
conditions on the pre-test. After the intervention, there was a marked improvement for both
conditions in students’ overall performance for cognitive processes (Wilcoxon signed ranks
test Zs in Table 2). Overall, these analyses showed that all cognitive processes improved
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Table 2 Students’ overall performance on the cognitive processes test

Experimental group Control group Mann—Whitney test Z
Pre-test 0.28 0.20 — 1.04 ns
Post-test 0.71 0.69 — 0.18 ns
Wilcoxon signed ranks test Z — 3.31%* — 3.06%*

ns non-significant
** p <0.01

Table 3 Students’ overall performance on the inquiry skills test

Experimental group Control group Mann—Whitney test Z
Pre-test 0.33 0.26 — 1.94 ns
Post-test 0.68 0.44 — 2.75%*
Wilcoxon signed ranks test Z — 3.31%* — 2.03*

ns non-significant
*p <0.05; ** p <0.01

significantly for both conditions (p < 0.05 for all Wilcoxon signed ranks test Zs). There
was no significant difference between conditions on the post-test for either overall per-
formance or any single cognitive process (p > 0.05 for all Mann—Whitney test Zs).

Students’ overall performance also improved for inquiry skills in both the experimental
(Table 3, Wilcoxon signed ranks test Z = — 3.31; p <0.01) and control conditions
(Table 3, Wilcoxon signed ranks test Z = — 2.03; p < 0.05). In this case, however, con-
ditions differed significantly on the post-test, with the experimental group performing
better than the control group (Table 3, Mann—Whitney test Z = — 2.75; p < 0.01).

According to these analyses, it was found that the experimental group’s scores increased
considerably across all inquiry skills on the post-test. The control group performed better at
“stating hypotheses” and “operationally defining” but not at “identifying variables” and
“designing investigations”. These developments were reflected in significant differences
between conditions for “identifying variables” (Mann—Whitney test Z = — 3.77,
p <0.001) and “designing investigations” (Mann—Whitney test Z = — 2.91; p < 0.01)
after the educational intervention.

Are there any interactions between students’ cognitive processes and inquiry
skills when designing a fair experiment through the use of the Go-Lab EDT
or through the use of a paper-and-pencil worksheet? If yes, how do these
interactions compare between the two conditions? (research question 2)

We subtracted pre-test from post-test scores for each cognitive process and inquiry skill
and calculated Kendall’s tau b correlations among these differences. This would indicate
dimensions that tended to correlate during the intervention. A significant positive corre-
lation between a cognitive process and an inquiry skill would denote that both dimensions
tended to increase as a result of the experimental or control treatment.
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Table 4 Kendalls tau b correlations computed for differences between pre- and post-test scores for cog-
nitive processes and inquiry skills in the experimental group

Cognitive processes Inquiry skills
Identifying Stating Operationally Designing
variables hypotheses defining investigations

To remember ns ns ns ns

To understand ns ns ns ns

To apply 0.69%* ns ns ns

To think critically and 0.64* ns ns ns

creatively

ns non-significant
*p <0.05; ** p <0.01

Table 5 Kendalls tau b correlations computed for differences between pre- and post-test scores for cog-
nitive processes and inquiry skills in the control group

Cognitive processes Inquiry skills
Identifying Stating Operationally Designing
variables hypotheses defining investigations

To remember ns ns ns ns

To understand ns 0.58% 0.66* ns

To apply ns ns ns ns

To think critically and ns ns ns ns

creatively

ns non-significant
*p <0.05

Table 4 shows that in the experimental condition, “identifying variables” correlated
with two cognitive processes, namely “to apply” (Kendalls tau b = 0.69; p < 0.01) and
“to think critically and creatively” (Kendalls tau b = 0.64; p < 0.05). For the control
condition, correlations revealed a different pattern (Table 5). The two inquiry skills that
improved for the group after the intervention, namely “stating hypotheses” and “opera-
tionally defining”, correlated with students’ ability to organize and arrange information
mentally (i.e., “to understand”; Kendalls tau b = 0.58; p < 0.05, and Kendalls tau
b = 0.66; p < 0.05, respectively).

Discussion

The primary finding of the present study was that the Go-Lab EDT facilitated development
of “entry” and “exit” inquiry skills for the experimental group, which was not the case for
the students’ of the control group, who used a paper-and-pencil worksheet designed to
scaffold their design process of their experiment. Namely, students in the experimental
condition who used the tool improved their inquiry skills related to “identifying variables”
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(“entry” skill) and “designing investigations™ (“exit” skill). These effects could be linked
to the feedback offered by the Go-Lab EDT, as well as to the increased level of prob-
lematizing the design of an experiment process and sub-processes for the students of the
experimental group, which was lacking in the paper-and-pencil worksheet that was given
to students in the control group. For instance, feedback provided to the students of the
experimental group for missing or wrong classification of variables, along with the auto-
matic importation of stable values for controlled variables, could have positively catalysed
the inquiry skill of “identifying variables”. Further, the feedback on maintaining the values
for controlled variables constant across the experimental trials might have shown to the
learner the importance of controlling certain variables in an experimental design in order
for a fair experiment to be planned and executed. Such an anchoring might have also
worked towards enhancing the skill of “designing investigations” for the experimental
condition. Needless to say, looking into the feedback provided by EDT tools, such as the
one of this study, should be a priority for future research. As conjectured right above, it
appears that the feedback provided by an EDT tool positively affects students’ learning and
inquiry skills. Of course, we are missing all sort of information concerning this relation-
ship, such as, identifying the type, quantity and quality of the feedback needed for opti-
mizing students’ learning and inquiry skills. In addition, predicting when the students
would be in need for a particular type of feedback, as well as synchronizing the provision
of feedback with the emerging needs of students, are top priorities for this research domain.

The automatic importation of stable values for controlled variables might have further
acted as a prompt that could have helped students in the experimental condition to deal
with production deficiency in their experimental designs (see, for instance, Veenman et al.
2006, who have noted that production deficiency may be encountered by students who may
fail to use their metacognition due to task difficulty). This would have been an insightful
example of hitting two birds with one stone; namely, re-allocating student attention from
an aspect of the task that was being supported, namely keeping controlled variables
constant, to assigning values for independent variables. Reiser (2004) has underlined that
software scaffolds may take over some aspects of learning tasks and re-focus student
attention to more productive or demanding parts of the same learning tasks.

An additional aspect of the Go-Lab EDT, which might explain its effectiveness in
supporting development of the entry skill of “identifying variables”, could have been its
provision of timely assessment of gaps and misclassifications of variables (see in this
regard Kalyuga 2007). Such a functionality might provide a rather simple act of formative
assessment taken over by the tool itself, but its direct and indirect effects might be more
valuable for configuring a learner-tailored environment, even at such a confined scale.
Because tool configurations that account for “problematizing” the task for students have
not been frequently investigated by previous research (Reiser 2004), this rather uncom-
plicated software tool provision might prove quite promising for analogous endeavours in
the future. Future configurations of the Go-Lab EDT might also support additional and
more sophisticated functionalities of “problematizing” the task for students, for instance,
providing feedback for assigning values to independent variables so that causal inferences
relating independent and dependent variables can be readily determined. This potential link
between “problematizing” the task for students and providing formative assessment should
be more thoroughly examined in designing software scaffolds. One fruitful direction would
be that software tools might take over aspects of formative assessment, which might enable
the teacher to concentrate on other instructional issues that are not easily monitored by
software tools. For instance, identification of variables may be largely taken over by the
software scaffold, while the teacher may concentrate on more demanding aspects of the
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experimental design, such as planning experimental trials or configuring the values for the
independent variables in those experimental trials. Given the usual time constraints in
delivering effective formative assessment, which includes a timely diagnosis of learner
performance and timely provision of teacher feedback to students, the division of labour
mentioned right above may prove crucial.

Although there was no significant difference between the two conditions in cognitive
processes, we observed different patterns in how cognitive processes and inquiry skills
correlated during the study’s treatments. In the experimental group, these interactions
involved the inquiry skill of “identifying variables”, which was markedly enhanced by the
intervention, and which correlated with cognitive processes that referred to partial or full
inter-contextual transfer (i.e., “to apply” and “to think critically and creatively”,
respectively). This might imply that reinforcement of the “entry” skill in experimental
design (i.e., “identifying variables”) could have also triggered some inter-contextual
transfer for students in the experimental condition. It was quite interesting that cognitive
processes related to transfer (i.e., “to apply” and “to think critically and creatively”) were
linked to the “entry” skill (i.e., “identifying variables”) and not to the “exit” skill (i.e.,
“designing investigations”). In the same direction, Veermans et al. (2006) have suggested
that heuristics, such as the VOTAT heuristic, might amplify transfer. Additionally, there
have been indications that feedback such as that provided by the Go Lab EDT might
initiate self-regulation, i.e., an individual’s competence to guide his/her own learning
(Marschner et al. 2012). For instance, self-regulation, in an inquiry context such as the one
of this study, relates to the competence of the student to be able to plan and implement an
inquiry task, such as designing an experiment, on his/her own. In other words, it is
expected that students, who used the Go Lab EDT in several inquiry cycles, will gradually
stop using it because they would be in position to design an experiment on their own
(without the use of an EDT scaffold). A methodological approach more focused on these
effects might enable closer elaboration of the impact of software scaffolds.

Our study also attempted to shed some light on the learning process as it played out for
the control condition, as well. In this case, there were different patterns of significant
interactions between cognitive processes and inquiry skills as compared to those detected
for the experimental condition. Students in the control group showed correlations of the
two inquiry skills that improved for them (i.e., “stating hypotheses” and “operationally
defining”) with a cognitive process concentrating on a single context (“to understand”). It
could be that differences in the correlations of cognitive processes and inquiry skills
between the experimental and control conditions might reflect differences in prioritizing or
allocating student effort and attention. In this vein, the Go-Lab EDT might have directed
student concentration on “entry” and “exit” inquiry skills. On the other hand, the use of
the paper-and-pencil worksheet might have triggered more active involvement of students
in the control condition with aspects of learning that fostered skills with an “intermediate”
position in the inquiry process, which might all have been confined within the learning
context addressed. In any case, our findings imply that future research employing quasi-
experimental approaches for assessing software scaffolds might benefit from detailed
monitoring of cognitive processes and inquiry skills in both experimental and control
conditions.

Moreover, we urge other researchers to continue the investigations on when and how to
use scaffolds, which target different aspects of inquiry enactments through CoSIL envi-
ronments. The idea is to reach to a solid framework on when and how to offer scaffolding
to the students and when and how to fade it out. Currently, such a framework is missing
(see, for a thorough review, Zacharia et al. 2015).
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Limitations of the current study and further implications for future research

The exploratory character of the current study was based on a rather confined sample of
students that has necessitated the use of non-parametric statistics due to deviations from
normality in data distribution. This might have also increased the odds of Type-I Error. In
addition, the reliability figures we have estimated for our instruments have been accept-
able but rather low. Future research needs to recruit larger samples to address the effec-
tiveness of the Go-Lab EDT.

Moreover, future research needs to address another limitation of the current study. We
have only examined the effect of the tool on cognitive processes and inquiry skills of
students in one cycle of inquiry, which restricted us from following any effects of “fad-
ing”. The Go-lab EDT could be adequately configured to partially or fully remove the
support offered to students (i.e., through “fading”). For instance, the set of variables given
to students might decrease (partial removal of support), or be removed as a whole (full
removal of support).” Such an arrangement would also influence the planning of experi-
mental trials in the tool. A given and closed set of variables in the tool would restrict the
range of possible experimental trials, while an open list of variables would necessitate an
advanced complexity in experimental designs. Another domain for future research could be
the study of the use of different virtual labs (i.e., other than the Splash Lab, which we have
embedded in the learning environment of the current study) and how structuring and
problematizing varies as the students move from designing an experiment in one lab to
another. The latter could also be combined with a “fading” mechanism in order to identify
if certain skills and practices are transferable from one context to another.
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Appendix 1: Experimental design by the control group

Please complete the following table so that the given properties (density of the object;
density of the fluid) and outcomes (sinks, drifts’/hovers or floats) are placed in the

proper column.

Please insert next to each variable the value used when running your experimental
trial. Please also insert the result of your experimental trial under “Measure”.

Please note that you might need multiple experimental trials to conclude your
experiment. You can add more rows to your table if you need to do so.

Properties:
Density of the object
Density of the fluid

Measures:
Sinks, drifts or floats

Table to be completed:

Vary Keep constant

Measure
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Appendix 2: Cognitive processes test

1. Three different quadrants are
Please explain your reasoning.

shown below. How do their contents compare?
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2. Which words would you circle so that each sentence would be scientifically valid?
2a. When two objects of different material have the same/different volume, then the

object with the greater/lesser mass will display a higher/lower density.

2b. When two objects of different material have the same/different mass, then the

object with the greater/lesser volume will display a higher/lower density.

3. Densities of various solids and liquids are listed in the table below. Using the data
depicted in the table, please indicate whether the following statements are right or

wrong.

Solids Density (g/cm’) Liquids Density (g/cm’)
Birch 0.63 Acetone 0.79
Paraffin 0.85 Olive oil 0.92

Ice 0.90 Water 1
Amber 1.05 Sea water 1.20
Ebony 1.22 Glycerine 1.26
Aluminium 2.70 Bleach 1.49

3a. Birch would float in bleach Right Wrong
3b. Paraffin would sink in glycerine Right Wrong
3c.  Aluminium would float in olive oil Right Wrong
3d. Ice would sink in water Right Wrong
3e. Birch and paraffin would sink in acetone Right Wrong
3f. Paraffin and ice would sink in sea water Right Wrong
3g.  Amber would float in sea water, glycerine, and bleach Right Wrong
3h. All solids in the table would float in bleach Right Wrong

4. Newton and Hypatia want to construct a wooden raft that will float in water.
However, they disagree whether they can use any type of wood to construct this raft.

We can use any type of

wood to construct our raft.

Who is right? Why?

No, we cannot use
any type of wood.
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Appendix 3: Inquiry skills test [for each item, its corresponding item
number in the TIPSII test by Burns et al. (1985) is given in parentheses]

1. (2) A study of car efficiency is done. The hypothesis tested is that a gasoline additive
will increase car efficiency. Five identical cars each receive the same amount of
gasoline but with different amounts of Additive A. They travel the same track until
they run out of gasoline.

The research team records the number of kilometers each car travels. How is car
efficiency measured in this study?

A. The time each car runs out of gasoline.
B. The distance each car travels.

C. The amount of gasoline used.

D. The amount of Additive A used.

2. (6) A police chief is concerned about reducing the speed of cars. He thinks several
factors may affect automobile speed.
Which of the following is a hypothesis he could test about how fast people drive?

A. If the drivers are younger, then they are likely to drive faster.

B. If the number of cars involved in an accident is larger, then it will be less likely
people that are to get hurt.

C. If more policemen are on patrol, then the number of car accidents will be fewer.

D. If the cars are older, then they are likely to be in more accidents.

3. (10) Jim thinks that if there is more air pressure in a basketball, then it will bounce
higher. To investigate this hypothesis he collects several basketballs and an air pump
with a pressure gauge. How should Jim test his hypothesis?

A. Bounce basketballs with different amounts of force from the same height.

B. Bounce basketballs having different air pressures from the same height.

C. Bounce basketballs having the same air pressure at different angles from the floor.
D. Bounce basketballs having the same amount of air pressure from different heights.

4. (26) A biologist tests this hypothesis: the greater the amount of vitamins given to rats
the faster they will grow. How can the biologist measure how fast rats will grow?

A. Measure the speed of the rats.

B. Measure the amount of exercise the rats receive.
C. Weigh the rats every day.

D. Weigh the amount of vitamins the rats will eat.

5. (21) A greenhouse manager wants to speed up the production of tomato plants to meet
the demands of anxious gardeners. She plants tomato seeds in several trays. Her
hypothesis is that the more moisture seeds receive the faster they sprout. How can she
test this hypothesis?

A. Count the number of days it takes seeds receiving different amounts of water to
sprout.

B. Measure the height of the tomato plants a day after each watering.

C. Measure the amount of water used by plants in different trays.

D. Count the number of tomato seeds placed in each of the trays.
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(23) Lisa wants to measure the amount of heat energy a flame will produce in a certain
amount of time. A burner will be used to heat a beaker containing a liter of cold water
for ten minutes. How will Lisa measure the amount of heat energy produced by the
flame?

A. Note the change in water temperature after ten minutes.
B. Measure the volume of water after ten minutes.

C. Measure the temperature of the flame after ten minutes.
D. Calculate the time it takes for the liter of water to boil.

(27) Some students are considering variables that might affect the time it takes for
sugar to dissolve in water. They identify the temperature of the water, the amount of
sugar and the amount of water as variables to consider. What is a hypothesis the
students could test about the time it takes for sugar to dissolve in water?

If the amount of sugar is larger, then more water is required to dissolve it.
If the water is colder, then it has to be stirred faster to dissolve.

If the water is warmer, then more sugar will dissolve.

If the water is warmer, then it takes the sugar more time to dissolve.

oa=m»>

A study was done to see if leaves added to soil had an effect on tomato production. Tomato
plants were grown in four large tubs. Each tub had the same kind and amount of soil. One
tub had 15 kg of rotted leaves mixed in the soil and a second had 10 kg. A third tub had 5
kg and the fourth had no leaves added. Each tub was kept in the sun and watered the same
amount. The number of kilograms of tomatoes produced in each tub was recorded.

8. (30) What is a controlled variable in this study?

A. Amount of tomatoes produced in each tub.
B. Amount of leaves added to the tubs.

C. Amount of soil in each tub.

D. Number of tubs receiving rotted leaves.

9. (31) What is the dependent or responding variable?

A. Amount of tomatoes produced in each tub.
B. Amount of leaves added to the tubs.

C. Amount of soil in each tub.

D. Number of tubs receiving rotted leaves.

10. (32) What is the independent or manipulated variable?

11.

A. Amount of tomatoes produced in each tub.
B. Amount of leaves added to the tubs.

C. Amount of soil in each tub.

D. Number of tubs receiving rotted leaves.

(35) Ann has an aquarium in which she keeps goldfish. She notices that the fish are
very active sometimes but not at others. She wonders what affects the activity of the
fish. What is a hypothesis she could test about factors that affect the activity of the
fish?

A. If you feed fish more, then the fish will become larger.
B. If the fish are more active, then they will need more food.
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C. If there is more oxygen in the water, then the fish will become larger.
D. If there is more light on the aquarium, then the fish will be more active.

12.  (36) Mr. Bixby has an all-electric house and is concerned about his electricity bill. He
decides to study factors that affect how much electrical energy he uses. Which variable
might influence the amount of electrical energy used?

A. The amount of television the family watches.
B. The location of the electricity meter.
C. The number of baths taken by family members.
D. AandC.
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