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Abstract The aim of this review is to identify specific types of guidance for supporting
student use of online labs, that is, virtual and remote labs, in an inquiry context. To do so,
we reviewed the literature on providing guidance within computer supported inquiry
learning (CoSIL) environments in science education and classified all identified guidance
according to a recent taxonomy of types of guidance. In addition, we classified the types of
guidance in phases of inquiry. Moreover, we examined whether the types of guidance
identified for each inquiry phase were found to be effective in promoting student learning,
as documented in the CoSIL research. This review identifies what types of effective
guidance currently exist and can be applied in developing future CoSIL environments,
especially CoSIL environments with online labs. It also highlights the needs/shortcomings
of these available types of guidance. Such information is crucial for the design and de-
velopment of future CoSIL environments with online labs.
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Introduction

Inquiry has dominated science teaching and learning over the years, primarily because it
involves a more active, independent and meaningful learning process (Lim 2004). In an
inquiry context, learners are expected to identify problems, develop their own hypothesis
or research question, collect evidence or conduct self-directed investigations/experiments,
analyze the evidence/data collected, reach conclusions, assess their own progress and
finally reflect on their inquiry process (van Joolingen and Zacharia 2009). The idea is that
learners engage in an investigative process that resembles what scientists do, in order to
develop more coherent scientific knowledge and skills as well as an understanding of the
inquiry process per se.

While there are many ways to implement inquiry-based learning, computer learning
environments have been identified by many researchers to be one of the best means for
doing so, because they provide affordances that other traditional means (e.g., paper-and-
pencil activities, physical laboratories) cannot offer, such as multiple representations, in-
stant and personal feedback, or non-linear and non-sequential structured information that
students can search instantly according to their needs, interests, or goals (de Jong 2006a;
Furtak et al. 2012; Gerjets et al. 2008). Research on computer supported inquiry learning
(CoSIL) has shown that computer learning environments, if appropriately designed, can
augment inquiry through a number of affordances that ultimately result in offering learners
more agency in their learning process (Alfieri et al. 2011; van Joolingen and Zacharia
2009; Slavin et al. 2014). Finding or designing appropriate CoSIL environments has great
importance for the enhancement of student learning, because research has shown that
learning within such environments poses challenges for most students, mainly because of
the cognitive and metacognitive complexity of the learning experiences these environ-
ments offer (Azevedo 2005; Scheiter and Gerjets 2007). For instance, researchers argue
that many of these challenges result from the richness and transparency of the CoSIL
environments (Swaak and de Jong 1996; Zacharia and Olympiou 2011). Richness refers to
the amount of information and the diversity of relations a learner can extract from a CoSIL
environment, whereas transparency refers to how easily a user of a CoSIL can perceive its
content (Swaak et al. 1998). CoSIL environments, including online labs, are usually rich
learning environments with a relative low transparency (Zacharia and Olympiou 2011).
These characteristics pose several challenges to students’ learning (Marshall and Young
2006). For example, the richness of a CoSIL challenges a student to find all the variables
involved in a physical phenomenon, whereas low transparency challenges students to
identify all the relations among these variables.

In addition to the challenges caused by the CoSIL environment per se, there are cog-
nitive challenges that relate to the phenomenon under study (e.g., the underlying
mechanism of a phenomenon is complex), as well as to the inquiry process per se (e.g.,
students cannot state a proper hypothesis, students cannot design and run a fair experiment,
etc.; for more examples see the third column of Tables 2, 3, 4, 5, 6 and 7). According to
Davis and Linn (2000), one way to help students overcome the aforementioned challenges
is by providing proper guidance. For example, in the case of studying a phenomenon that
involves an abstract and complex underlying mechanism, a CoSIL environment could
support the students by enabling them to re-see the phenomenon under study through a
different angle. Re-seeing refers to providing individuals with the opportunity to go beyond
their current perceptions of everyday objects and viewing them through the lens of new
perspectives (Girod et al. 2003). When using online labs, a student can re-see the same
object through multiple representations, including representations of abstract/conceptual
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objects (e.g., light rays, electrons) which are not available in real world, and improve his/
her understanding of the phenomenon under study (Olympiou et al. 2013). In the case of
inquiry related challenges in CoSIL environments, guidance has also proven to be a
promising remedy. For instance, the development of proper hypotheses was found to be
improved when students received prompts in the form of reflection questions (Kim and
Pedersen 2011), or the construction of a model was found to improve through the use of
process constraints (i.e., breaking modeling in different steps) (Fretz et al. 2002; Wu
2010). Given these challenges, it becomes quite apparent that the presence of guidance is
crucial for CoSIL environments (d’Angelo et al. 2014). As we explain below, there are a
number of different ways to provide guidance: through process constraints, a performance
dashboard, prompts, heuristics, scaffolds, or direct presentation of information (de Jong
and Lazonder 2014). All of these types of guidance aim to give students personalized
support when using a CoSIL environment, in such a way that the CoSIL environment
adjusts to the students’ cognitive and metacognitive needs for a specific content and at
specific times (e.g., during a certain inquiry phase or for a certain inquiry practice/process)
(de Jong 2006b; Quintana et al. 2004). In this way, guidance could also serve as a means to
support students’ self-regulated learning. In a self-regulated learning context, students
become responsible for their learning journey and thus are responsible for managing on
their own any difficulties that arise (Hadwin and Winne 2001; Pintrich 2000; Zimmerman
2001). The literature on self-regulated learning reports on many of these difficulties that
students face (e.g., Azevedo 2002) and presents CoSIL environments and their accom-
panying guidance as one of the best ways to help students to overcome them (Gerjets et al.
2008).

A question that can be raised at this point, though, is whether research so far in the
domain of guidance development for CoSIL environments has advanced to the level of
developing effective means/tools to provide all of the forms of guidance to support all of
the processes involved in carrying out inquiry, especially with online labs. In a recent
review on virtual, physical and remote labs, de Jong et al. (2013) highlighted the essen-
tiality of addressing this question and urged the community to focus its research efforts on
developing and using proper guidance for inquiry-based enactments when CoSIL envi-
ronments with virtual and remote labs are involved. Building on this suggestion, this
review contributes towards that goal, by identifying the means/tools already developed for
all of the types of guidance that have shown to support student inquiry in CoSIL imple-
mentations and, therefore, have the potential to serve student inquiry when using CoSIL
environments with science online labs (virtual and remote labs offered through computer
technology). By remote labs, we mean physical labs whose material and equipment are
manipulated at a distance via the use of computer technology (e.g., internet connection,
computer controlled robotic arms). By virtual labs, we mean computer simulations, which
allow the manipulation of virtual material and equipment on a computer screen via the
computer equipment (e.g., mouse, keyboard, touchscreen).

To accomplish this purpose, we reviewed the literature on the provision of guidance
within CoSIL environments in science education with a specific focus on online labs. To
classify the types of guidance that currently exist for different inquiry phases we used the
most recent taxonomy of types of guidance (process constraints, performance dashboard,
prompts, heuristics, scaffolds, and direct presentation of information; for details, see below
and de Jong and Lazonder 2014) and a framework for inquiry that uses the following
phases as constituting the inquiry cycle: Orientation phase, Conceptualization phase,
Investigation phase, Conclusion phase, and Discussion phase (for details, see below and de
Jong et al. 2014). In the literature many inquiry cycles are proposed (see e.g., Friedler et al.
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1990; Kuhn et al. 2000; Njoo and de Jong 1993; Quintana et al. 2004) that differ in level of
detail but basically present the same series of phases that are often used to organize
students’ learning process (see e.g., White and Frederiksen 1998; Sharples et al. 2014). The
cycle that we use in this paper is based on an analysis of and a synthesis of a large set of
cycles as proposed in the literature (de Jong et al. 2014; Pedaste et al. in press). In
particular, we report on the types of guidance used thus far for each inquiry phase and the
means/tools that were developed to provide each type of guidance. Moreover, we checked
whether these means/tools were found in the CoSIL literature reviewed to be effective in
promoting student learning for each inquiry phase. The idea was to identify (i) which of
these existing means/tools appear to be effective and can be used in future CoSIL envi-
ronments, especially CoSIL environments with online labs, to support the inquiry phases
they were designed for, (ii) which of these means/tools have flaws and need improvements,
and (iii) which of the aforementioned types of guidance are missing for each inquiry phase
and have the potential to support the learner, and which tools/means could be developed to
offer this guidance. Such information is crucial for the design and development of future
CoSIL environments.

An inquiry framework for online lab implementations

A number of versions of the inquiry cycle have appeared in the relevant domain literature,
with these versions having relatively high overlap in terms of the phases involved in the
cycle (also referred to in the literature as processes or steps). The differences arise pri-
marily due to the use of different names for the same phase or the breakdown of a phase
into smaller pieces/sub-phases. In this review we adopt a classification, which distinguishes
the following inquiry phases for online lab implementations: Orientation, Conceptual-
ization, Investigation, Conclusion, and Discussion (de Jong et al. 2014). We selected this
framework because it is the most recently offered framework that specifically focuses on
the inquiry-based use of online labs, and because it emerged from a thorough review of the
literature (up until 2013) on inquiry frameworks in general.

According to this framework, the inquiry-learning process for online lab implementa-
tions starts with the Orientation phase, in which students are introduced to the problem to
be investigated. This can take place in the learning environment, it can be provided by the
teacher or it can be investigated by the learner on his/her own (Scanlon et al. 2011). The
purpose of this phase is to familiarize students with the main variables of the domain, and
the problem and issues involved. In the following phase, labeled Conceptualization, stu-
dents become familiar with the concepts related to the problem under investigation and
choose between two alternative sub-phases, namely the question sub-phase or the hy-
pothesis sub-phase. The selection of one of these sub-phases rather than the other depends
on the nature of the inquiry task at hand. While both of them rely upon theoretical
justification and consider independent and dependent variables, only the hypothesis sub-
phase requires the specification of a certain relationship between the variables under in-
vestigation. The question sub-phase is more open-ended in this respect, and calls for an
examination of the relationships among variables. Then, students move to the Investigation
phase, in which they get involved in either an exploration or experimentation, depending
on whether they stated a question or a hypothesis, respectively, in the Conceptualization
phase.

During the exploration and experimentation sub-phases students design and carry out
the experimental procedure, while in the data interpretation sub-phase, they try to interpret
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the collected data and understand the relations between variables (Bruce and Casey 2012;
Justice et al. 2001; Lim 2004; White and Frederiksen 1998; Wilhelm and Walters 2006).
The exploration sub-phase involves the examination of more than one pair of variables or
possible relation that were identified in the question sub-phase, while the experimentation
sub-phase concerns the particular pair of variables/possible relation specified in the hy-
pothesis sub-phase.

In the Conclusion phase, students state their conclusions after determining whether their
research questions or hypotheses formulated at the beginning of the investigation are
answered or supported by the results of the study (Scanlon et al. 2011; White et al. 1999).
For an open research question, the Conclusion phase leads to identifying a relation between
variables, whereas for a hypothesis the Conclusion phase ends with acceptance or rejection
of the hypothesis. The Discussion phase is based on sharing one’s inquiry with others,
either fellow students or the teacher. It is comprised of two sub-phases, communication and
reflection. In the communication sub-phase, students can articulate their findings and
conclusions to other students (Scanlon et al. 2011), while at the same time they listen to the
findings and conclusions of others (Bruce and Casey 2012). This mutual exchange aims at
enriching an individual’s understandings. On the other hand, reflection allows students to
reflect on the success of the inquiry and suggest how it could be improved (Lim 2004;
White and Frederiksen 1998). Furthermore, reflection involves receiving and providing
feedback to others. Finally, it should be noted that both the communication and the re-
flection sub-phases can occur throughout the inquiry process.

Guidance and computer-supported inquiry learning

At this point, it has been well documented that any type of inquiry-based learning, in-
cluding CoSIL, is more likely to fail if students do not have the necessary self-regulation
skills (Azevedo 2005; Quintana et al. 2004; Zhang et al. 2004). Self-regulated learning
involves skills that enable learners to set goals for their learning, while monitoring,
regulating, and controlling their cognition, motivation, and behavior, in an attempt to fulfill
their goals (Pintrich 2000; Zimmerman 2001). This can be facilitated by providing students
with a well-designed CoSIL environment that provides students with the necessary guid-
ance for being metacognitively, motivationally, and behaviorally active participants in
their own learning process (Shapiro 2008).

Guidance in CoSIL environments can be provided in different forms. In the literature of
the domain (e.g., de Jong 2006b, de Jong and Lazonder 2014; Quintana et al. 2004;
Veermans 2003; Veermans et al. 2006; Zhang et al. 2004; Zhang and Quintana 2012), six
different types of guidance are identified. According to the de Jong and Lazonder (2014)
taxonomy, guidance in CoSIL environments takes the form of: (i) adapting an individual’s
inquiry behaviour through providing information about their results and processes (per-
formance dashboard), (ii) giving students specific directions on what to do (prompts), (iii)
reducing or restricting unnecessary student activities (process constraints), (iv) suggesting
to students what to do (heuristics), (v) helping students to perform a specific task by
providing them with the structure and/or components of the task (such support is suitable
when students do not have the expertise to perform the task themselves and helps them to
perform a task that would otherwise be outside their capabilities) (scaffolds), and (vi)
providing information to students, who lack prior knowledge or cannot find the information
needed for a task on their own, for completing a task (direct presentation of information).
One of the advantages of this particular taxonomy, which basically differentiates it from
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others, is that it is more analytic and classifies guidance according to the form it takes or its
type, rather than according to the learning process it supports, as was done in prior
taxonomies/classifications of guidance. In particular, this taxonomy provides “a typology
of guidance that is organized according to the (increasing) specificity of the support stu-
dents need to successfully perform their inquiry” (de Jong and Lazonder 2014, p. 375).
This specificity supports higher granularity in classifying a given type of guidance.
Moreover, de Jong and Lazonder (2014) specify the types of guidance in a manner that
makes them independent of any context (e.g., learning process, inquiry phase, subject
domain). As a result, a wider spectrum of types of guidance emerges, that could possibly be
applied across all inquiry phases (e.g., we can have process constraints, performance
dashboard, prompts, heuristics, scaffolds, and direct presentation of information in the
experimentation phase). Finally, finer granularity allows better understanding of the par-
ticular types of guidance and thus more accurate selection of an appropriate type of
guidance when it comes to supporting students in a certain inquiry phases and situations.

Thus far, the research has not documented which types of guidance are needed for each
inquiry phase, whether certain types of guidance are better for certain inquiry phases, or
whether a combination of different types of guidance could optimize support and therefore
student learning. Needless to say, there is a strong need for further future research along
these lines. Below, we present each of the six types of guidance more analytically.

Process constraints

A process constraint aims at reducing the complexity of the inquiry learning process. For
instance, this can be achieved by restricting the number of options that students must consider
during the process. However, this type of guidance should only be used when students can apply
the basic inquiry processes, but still have limited experience in applying them when more
demanding/complex inquiry activities are at task (de Jong and Lazonder 2014). Moreover,
constraints are not necessary all of the time, especially once students have gained enough
experience with the inquiry processes. One way to address this issue is to apply a fading
mechanism, which gradually reduces the support provided as the student’s experience grows.

Performance dashboard

A performance dashboard provides students with feedback on “their own learning process
or about the quality of their learning products and outcomes” (de Jong and Lazonder 2014,
p. 375-376). This type of guidance is useful for students who understand how to use the
information provided by the performance dashboard. For example, a performance dash-
board can present the student with an overview of the variables involved in an exploration
or experiment. Moreover, this tool could support the possibility of replaying an ex-
periment, when students want to see it again, or sorting variables to compare different
experiments (Veermans 2003).

Prompts
Prompts are provided in the form of hints, and their purpose is to remind students to carry
out certain actions, assignments, or learning processes they may have overlooked (de Jong

and Lazonder 2014). An example could be, “Do you have enough data for drawing/
producing a graph?” or “Is the line in your graph a good fit to your data? Why?”
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Prompts can also be provided in the form of assignments. According to de Jong et al.
(1994), such assignments can be separated into six categories, Investigation, Optimization,
Fault diagnosis, Specification, Explication and (Normal) operation. Investigation, Expli-
cation and Fault diagnosis assignments refer to the relation between variables. Specifically,
Investigation assignments ask learners to explore the relation between two or more vari-
ables, Explication assignments ask them to explain a phenomenon appearing in some sort
of representation (e.g., in a simulation) and Fault diagnosis assignments ask them to figure
out where there is a faulty relation between variables. In Optimization assignments learners
must supply the values for an input variable that will produce a specific output for another
variable (e.g. maximal, minimal, or optimal value). The goal of Specification assignments
is to predict the value of a variable in a given situation. Finally, in Normal operation
assignments the learner must provide information about the input variables when the
output variables are specified (other input variables are maintained under control by the
system). Veermans (2003) further extends these categories and adds the categories Ex-
planation, Do-it, Open answer and Do-them. In Explanation assignments students are
provided with a situation in the simulation environment and have to explain the phe-
nomenon that is presented. In Do-it assignments, learners are presented with a goal and
take responsibility for achieving this goal. In order to do this, they need to specify a
situation in the simulation. Open answer assignments are analogous to Do-it assignments,
but in this case learners are also asked to write their ideas and conclusions. Do-them
assignments are also analogous to Do-it assignments, but in this case the goal can be set for
multiple situations.

Heuristics

Heuristics resemble prompts, but offer more specific guidance. In other words, as well as
providing students with more detailed suggestions about performing certain actions or
learning processes, they also provide instructions on how to perform these actions or
learning processes. Thus, heuristics are more appropriate when students are not familiar
with when and how an action or learning process should be carried out. An example of a
heuristic is showing students that an efficient experiment follows the Control of Variables
Strategy (CVS). CVS is the approach that students need to follow for designing an un-
confounded experiment. Otherwise, they will end up producing invalid data and conclu-
sions (Chen and Klahr 1999).

Scaffolds

Scaffolds are tools that help students carry out a learning process by structuring and
supporting the process in the activities involved (e.g., a modeling tool or an experiment
design tool). They are used when a process is too complicated or when students do not have
the appropriate skills to carry out the process on their own. A specific example of a scaffold
is the hypothesis scratchpad, which supports students in forming their hypotheses (de Jong
2006b; van Joolingen and de Jong 2003). In this case, students are provided with the
variables (e.g., mass, weight, volume, density) involved in the task under study and guided
to form hypotheses by selecting variables and relations (e.g., increases, decreases) to fill in
the terms of an if-then clause (de Jong 2006b, p. 113). In other words, the students are
provided with a twofold support, namely the provision of the structural materials (i.e.,
variables involved and possible relations between variables) and the provision of the
structure of a hypothesis per se (i.e., if-then clause).
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Direct presentation of information

Direct presentation of information is a type of guidance provided when students lack prior
knowledge or cannot find the information needed for a task on their own. In both cases, the
students receive direct information that aims at keeping them on track. An example of such
guidance is the provision of explanations. According to Veermans (2003), explanations can
be offered to the student through different means (i.e., audio, video, text, html, images, or a
combination of text and images) and can take the form of feedback or background in-
formation concerning the activity under study.

Method

To identify CoSIL tools/means that provide the six types of guidance for each inquiry
phase and sub-phase of the inquiry framework adopted for this study, a literature search
was carried out using different databases: Google Scholar, Web of Science, EBSCOhost
EJS, Academic Search Complete, MasterFILE Premier, Psychology and Behavioral Sci-
ences Collection, Hellenic Academic Libraries Link, OmniFile Full Text Select, ERIC,
Taylor & Francis Education Collection, and so forth. For our search we used the terms:
science, inquiry, learning scaffolds, scaffolding tools, cognitive scaffolds, scaffolding
process, inquiry cycle support, guidance, heuristics, prompts, process constraints, per-
formance dashboard, assignments and inquiry based scaffolding. After the first round of
search, we decided to search among the results for any literature reviews similar to the one
we were pursuing, to avoid overlaps. In addition we used a paper by de Jong (2006b)
concerning guidance and scientific discovery/inquiry learning, which included the lit-
erature that interests us up through 2005. We therefore decided to use the de Jong (2006b)
review as a point of reference for studies conducted before 2006 and focused our search on
literature from 2006 onward. Given this boundary, we found a total of 36 relevant studies
(scientific articles, books, book chapters, proceedings of national and international con-
ferences, and PhD dissertations) that were published after 2006 and matched the purpose of
our review. Five of them were excluded because they did not provide any empirical
findings on any of the types of guidance. In addition to this pool of 31 studies and the de
Jong (2006b) literature review, we also reviewed 30 additional studies for clarification
purposes. These additional studies were mentioned in either our pool of identified relevant
studies or the de Jong (2006b) literature review, but information/details we needed for the
purposes of this review were not included there.

The identified papers were then categorized/separated according to the six types of
guidance in the de Jong and Lazonder (2014) taxonomy (process constraints, performance
dashboard, prompts, heuristics, scaffolds, and direct presentation of information). For the
identification and categorization of the tools in these six types of guidance we used rubric
tables, which included a definitions/description of the type of guidance as well as its
specific characteristics. These unique characteristics provided the key features that enabled
us to categorize a tool under a certain type of guidance. For instance, a unique charac-
teristic that enabled us differentiate prompts from heuristics is that heuristics provide
students with more detailed suggestions about performing certain actions or learning
processes than prompts. Additionally, heuristics provide instructions on how to perform
these actions or learning processes, whereas prompts do not. Overall, all of our rubrics
information was extracted by the descriptions that de Jong and Lazonder (2014) provided
for each type of guidance. Inter-rater reliability was calculated for this classification
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between the second author and an external rater. Cohen’s K was found to be 0.92. Any
disagreements were resolved through discussion. The results for all six categories are
presented in the Findings section (see Tables 2, 3, 4, 5, 6, 7).

Each category was further separated in subcategories according to the phases identified
in the selected framework for the phases of inquiry learning with online labs, namely
Orientation, Conceptualization, Investigation, Conclusion, and Discussion. While in some
cases the literature clearly defined the phase to which each guidance tool belonged, in
others it was up to the researchers to classify it according to the description provided by its
developers. For the latter, we also used rubric tables that included criteria for depicting in
which of the five aforementioned inquiry phases a guidance tool belonged. In addition, a
number of the identified guidance tools/means were applicable in more than one phase. For
these tools/means a new category was created, Multiple phases (see Table 1). For this case,
inter-rater reliability was also calculated between the second author and the same external
rater. Cohen’s K was found to be 0.90. Any disagreements were resolved through dis-
cussion. Overall, a total of 89 guidance examples were identified and reviewed (9 process
constraints, 3 performance dashboards, 16 prompts, 24 heuristics, 31 scaffolds and 6 direct
presentations of information) and then classified according to the six categories of inquiry
phases (see Table 1).

Finally, we provide in Tables 2, 3, 4, 5, 6 and 7 a short description of each guiding
tools/means identified and results from prior research concerning their effectiveness (where
available).

Analysis

After all guiding tools/means were identified and categorized, as shown in Tables 2, 3, 4, 5,
6 and 7, we examined each research study associated with each tool/means to decide
whether there was sufficient evidence showing its effectiveness for supporting students
when they are working in the inquiry phase(s) for which it was designed. When there was
not enough evidence, or no evidence at all for a particular guiding tool/means, along with
reporting this, we proceeded with suggestions for further research. When no guiding tool/
means of a particular type was found for a particular inquiry phase, we proceeded with
suggestions concerning which missing types of guidance we consider potentially useful for
that particular inquiry phase and possible means/tools that could provide such guidance.

Table 1 Overview of guidance per phase of the inquiry cycle

Phases Forms of guidance

Process Performance Prompts Heuristics Scaffolds Direct Total

constraints dashboard presentation

of information

Orientation 1 - - - 2 4
Conceptualization 1 - 1 4 6 2 14
Investigation 4 1 4 13 5 - 27
Conclusion - 1 2 1 3 - 7
Discussion - - 2 1 6
Multiple phases 3 1 7 14 2 31
Total 9 3 16 24 31 6 89
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Findings

In this section we present the guidance related to each inquiry phase separately.
Specifically, we present/name the guidance tools identified per type of guidance. Infor-
mation for all the guidance tools can be found in Tables 2, 3, 4, 5, 6 and 7. Finally, in this
section we report on whether the types of guidance identified for each inquiry phase were
found to be effective in promoting student learning, as documented in the CoSIL research.

Guidance related to the Orientation phase

From the literature review, it is evident that the Orientation phase receives the least amount
of guidance during the inquiry process. It is natural that this phase does not require a lot of
support (guidance means/tools), because it focuses only on stimulating students’ interest
and curiosity about the problem/topic to be investigated (content knowledge). The latter
explains why only four guidance tools related to this phase were identified. Based on our
literature review (see Table 2), only one process constraint approach (SEEK Tutor), one
use of direct presentation of information (Access to domain knowledge) and two scaf-
folding tools (Tuolumne River module) were identified. From the results of these four
studies, only the SEEK Tutor tool had a positive impact on students’ critical thinking
(Graesser et al. 2007). No data were provided regarding the Tuolumne River module and
the Access to domain knowledge tools, while it was not clear if the Artemis software was
related to students’ performances.

Guidance related to the Conceptualization phase

The Conceptualization phase consists of the question and/or hypothesis sub-phases. A large
number of guidance tools of all types have been developed for this particular phase, with
the exception of the performance dashboard (see Table 3). More specifically, a total of 14
guidance tools were identified: a single tool for process constraints (Tuolumne River
module) and for prompts (Metacognitive scaffolds), four heuristics tools (Simplify prob-
lem; Identify hypothesis; Slightly modified hypothesis; Set expectations), six scaffolds
(Hypothesis scratchpad; Shared proposition scratchpad/table; Prediction; Concept map
template; Articulation box; Tuolumne River module) and two direct presentations of in-
formation (Issues; Complete predefined hypotheses). Of the studies in which these tools
were used, only seven reported findings on the impact of the guidance tool, six of which
had positive results. In particular, the use of the Shared proposition scratchpad/table led to
significant knowledge gains and motivated students to make more related comments
(Gijlers and de Jong 2009), the Metacognitive scaffolds (in Animal investigator) were
found to enhance students’ performance during hypothesis development (Kim and Ped-
ersen 2011), the Prediction scaffold enabled students to state correctly structured predic-
tions (Lewis et al. 1993), the Concept map template helped students in the organization and
synthesis of information and therefore led to higher-order learning (MacGregor and Lou
2004), the Articulation box enabled students through the articulation of their reasoning to
improve their modeling practices and identify possible errors (Fretz et al. 2002) and the
Complete predefined hypotheses appeared to be beneficial for developing a hypothesis (de
Jong 2006b). Only the hypothesis scratchpad did not have a positive impact, as it was too
complex for learners to use (van Joolingen and de Jong 1997).
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Guidance related to the investigation phase

Investigation is the most tool-populated phase of the inquiry cycle. Due to its experimental
nature (exploration-experimentation-data interpretation) involving setting up ex-
periments/explorations and analysis/interpretation of the collected data, this phase might
require more guidance than the others. This could also explain the high number of tools
identified. Specifically, a total of 27 guidance means/tools were identified in this phase,
representing all forms of guidance except the direct presentation of information (see
Table 4). The majority of them (13) were heuristics (VOTAT; Simple values; Equal in-
crements; Confirm hypothesis; Extreme values; Make a graph; Heuristics for experimen-
tation; Plausibility, Focusing, Observing, and Designing heuristics; Step guidance;
Unexpected findings), five of them were scaffolds (Tools for data interpretation; Dynamic
testing scaffold; Worldwatcher; BGulle; SCYED), while four tools fall under process
constraints (Model progression; Process map; Textual/Graphical representation; Air Pol-
lution Modelling) and under prompts (Experiment prompting; Prompts for Experimenta-
tions; Tuolumne River Module; Design Diaries). Finally, performance dashboard was
represented with a single tool (Monitoring tool—SIMQUEST).

Findings for effectiveness were reported for 17 of these 27 guidance tools. Most of these
tools (10) had a positive impact (Process map; Textual/Graphical modelling; Air Pollution
Modeling; Monitoring tool; Experiment prompting; Prompts for Experimentations; Design
Diaries; Plausibility heuristic; Focusing heuristic; Dynamic testing scaffold) but three of
them did not (Model progression; VOTAT; Step guidance), while the remaining four
appeared to have a partial impact (Equal increments; Heuristics for experimentation;
Observing heuristic; Designing heuristic) (see Table 4). The positive impact of the
aforementioned tools varied from supporting better construction of models (Process map;
Textual/Graphical representation), enhancing student conceptual understanding and per-
formance (Air Pollution Modelling; Design Diaries; Experiment prompting), monitoring
virtual experiments (Monitoring tool—SIMQUEST), reflecting on their experimentation
design (Prompts for Experimentations), focusing on one dimension of an experiment or
hypothesis (Focusing heuristic), and enhancing data interpretation, error detection and the
proposition of alternative solutions (Dynamic testing scaffold).

Guidance related to the Conclusion Phase

In contrast with the Conceptualization and Investigation phases, the literature review
revealed a more limited number of guidance tools for the Conclusion phase. This was
expected due to the phase’s theoretical nature, drawing conclusions about the results of the
experiment or exploration and responding to the research questions or hypotheses. Only
seven tools providing four different types of guidance were identified: a single perfor-
mance dashboard tool (Tuolumne River Module) and heuristic (Present evidence), two
prompt tools (Prompts for writing scientific explanations; Questions prompts) and three
scaffolds (Self-explanation and meta-level feedback; ExplanationConstructor; Argumen-
tation task) (see Table 5). Based on the results of the studies, five of the tools (Prompts for
writing scientific explanations, Questions prompts, Self-explanation and meta-level feed-
back, ExplanationConstructor and Argumentation task) had a positive impact. In particular,
the Prompts for writing scientific explanations were found to support students for writing
scientific explanations that follow the structure of claim-evidence-reasoning (McNeill et al.
2006), the Questions prompts were found to have a positive effect on students’ domain
knowledge and knowledge transfer (Demetriadis et al. 2008), the Self-explanation and
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meta-level feedback tool was found to enhance the self-explanation process (Cho and
Jonassen 2012), the ExplanationConstructor was found to offer students the opportunity to
link the claims they make with evidence collected during the investigations (Reiser et al.
2001), and the Argumentation task tool was found to enhance the acquisition of knowledge
(Zumbach 2009). Finally, no data was provided for the Tuolumne River Module tool
(Woolf et al. 2002) and the Present evidence tool (Veermans et al. 2006).

Guidance related to the discussion phase

The Discussion phase is limited to sharing one’s inquiry, thus requiring less guidance than
other phases. In total, only six guidance tools in four of the six forms were identified: two
tools for prompts (Prompts for self-reflection; Hints) and heuristics (Keep track; Science
Writing Heuristic), one scaffolding tool (Evidence palette-belief meter) and one direct
presentation of information (Argumentation palette) (see Table 6). Based on the findings
from the literature, four tools had a positive impact (Prompts for self-reflection; Science
Writing Heuristic; Evidence palette—belief meter; Argumentation palette). The Prompts
for the self-reflection tool was found to improve the acquisition of conceptual knowledge
(Eckhardt et al. 2013), the Science Writing Heuristic was found to benefit students’ con-
ceptual understanding and metacognition, as well as their understanding of the nature of
science (Keys 2000; Keys et al. 1999), the Evidence palette facilitated reasoning by
supporting memory (Lajoie et al. 2001), and the Argumentation palette enabled students to
both categorize the evidence that they have posted and prioritize their importance (Lajoie
et al. 2001). The literature review about the Discussion phase also revealed a tool with
mixed results (Hints). Specifically, the Hints tool was not found to influence students’
performance, but was found to have a positive effect on students’ inquiry approach (de
Jong 2006b). Finally, the Keep track tool was found to have no effect on students’ learning.

Guidance related to multiple inquiry phases

While the majority of the guidance tools are phase-specific, a number of them could be
used in two or more phases. Thus, an additional category was established in order to
describe these tools and the forms they take. Based on the literature, a total of 31 tools from
all six forms of guidance were applicable in multiple phases. Most of these tools (14) were
categorized under scaffolds, more than in any single phase (Data interpretation and self-
regulation support; Pocket PiCoMap; Adaptive/Fixed/No scaffolding; Guiding questions;
Metacognitive scaffolding; Web knowledge forum; Co-Lab—graphical modelling tool;
Machine-learned detectors; Animated pedagogical agent; Intelligent Tutoring Systems;
Smithtown; Feedback protocol; Thinkertools/Inquiry Island; Connection Log). Prompts
were also used frequently (7 tools), also more than in any single phase (Prompts for
generating/processing  information;  Reason-justification/rule-based/emotion-focused;
Generative learning strategy prompts/metacognitive feedback; Checking our Understand-
ing; Strategic prompts/general advice and graphic advance organizer; Explanation/
Regulation; Assignments). Heuristics, process constraints, direct presentation of informa-
tion and performance dashboard had four tools (HOTAT—CA; Planning of the inquiry
process; Explicit/implicit heuristics; Heuristics), three tools (Belvedere inquiry diagram;
Instructional support; Process Coordinator tool), two tools (Glossary—Hyperlinks; Ex-
planations) and one tool (Reflective support), respectively (see Table 7).

Considering the impact of each guidance tool, it was evident that most of them (17)
were successful (Belvedere inquiry diagram; Instructional support; Reflective support;
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Explanation/Regulation; Assignments; Generative learning strategy prompts/metacogni-
tive feedback; Prompts for generating/processing information; Planning of the inquiry
process; Explicit/implicit heuristics; Adaptive/Fixed/No scaffolding; Guiding questions;
Web knowledge forum; Co-Lab—graphical modelling tool; Animated pedagogical agent;
Intelligent Tutoring Systems; Smithtown; Connection Log). Among others, these tools
were found to positively impact students’ reasoning (Belvedere inquiry diagram, see de
Jong 2006b), understanding and performance (Instructional support, see Yaman et al. 2008;
Reflective support, see Zhang et al. 2004; Explanation/Regulation prompts, see Wichmann
and Leutner 2009; Prompts for generating/processing information, see Thillmann et al.
2009; Adaptive/Fixed/No scaffolding, see Azevedo et al. 2004; Guiding questions, see
Moos and Azevedo 2008; Animated pedagogical agent, see Moreno et al. 2001; Smith-
town, see Shute and Glaser 1990; Connection Log, see Belland 2010), self-awareness
(Generative learning strategy prompts/metacognitive feedback, see Lee et al. 2010), in-
quiry process (Planning of the inquiry process, see de Jong 2006b), self-regulation (Ex-
plicit/implicit heuristics, see Veermans et al. 2006; Adaptive/Fixed/No scaffolding, see
Azevedo et al. 2004), searching for new ideas (Web knowledge forum, see Oshima et al.
2006), and modeling process (Co-Lab—graphical modelling tool, see Lohner et al. 2003).

Five tools were found to have no impact on students’ learning (Strategic
prompts/general advice and graphic advance organizer; HOTAT—CA; Pocket PiCoMap;
Metacognitive scaffolding; Feedback protocol), while three others revealed mixed results
(Process Coordinator tool; Reason-justification/rule-based/emotion-focused; Experimental
design tool). Finally, six studies did not provide any data on the impact of the tools
(Checking our Understanding; Heuristics; Machine-learned detectors; Thinkertools/Inquiry
Island environments; Glossary—Hyperlinks; Explanations).

Differences in the number of guidance tools among phases

From the findings of our literature review, it is evident that the majority of guidance (27
tools) fall under the Investigation phase (see Table 1). This was more or less expected
because the Investigation phase involves the majority of the activities for carrying out an
inquiry, such as designing and conducting experiments, collecting and analyzing data. In
addition, this phase has the most sub-phases (exploration, experimentation and data in-
terpretation), which increases the need for guidance tools. In the phase of Conceptual-
ization, we identified 14 guidance tools. Because no experimental procedure can take place
without a guestion and/or hypothesis generation sub-phase, a large number of tools have
been developed for this purpose as well.

In contrast, given that the phases of Orientation, Discussion, and Conclusion are less
complex, they appeared to have limited and less form-focused guidance, with four, six and
seven tools respectively. Finally, a large number of guidance tools described in the lit-
erature, 31 in total, are of such a nature as to serve multiple phases of the inquiry cycle. For
example, assignments can be used to guide students’ learning process in all five phases.

Differences in the number of forms of guidance within each phase

The number of guidance forms varied within each phase of the inquiry cycle as well (see
Table 1). The variations, however, can be explained based on the number of activities
required within each phase/sub-phase. Consider, for example, the phase of Investigation.
As the most active phase, it has the potential for a large number of heuristics (13) in order
to provide specific guidance to students on how to perform certain actions (design and
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carry out an experiment, collect and analyze data, and report their findings) during the
experimental procedure. To carry out these actions however, several scaffolding tools (5)
could also be useful. As the significant number of activities in the Investigation phase may
appear complex to coordinate, a number of Process Constraints tools (4) help reduce the
complexity by restricting the number of options students have to consider. Similarly, a
number of prompts (4) are used to remind students to carry out required actions that they
may have neglected to do on their own before moving on.

In the Conceptualization phase, guidance was also based on the needs of the two sub-
phases, question and hypothesis. Thus, the majority of the identified tools (6) were de-
veloped in order to scaffold students to generate research questions and/or hypotheses for
their experiments. A comparable number of heuristics (4) were used to point out possible
ways to go about generating research questions and/or hypotheses. Finally, students co-
ordinate their research questions/hypotheses through direct presentation of information
tools (2) in order to avoid getting off target.

Guidance for the phases of Conclusion and Discussion was very similar. In both cases,
the guidance focused primarily on instruction (prompts and heuristics) and scaffolding
tools for drawing conclusions and discussing the results. The phase of Conclusion appears
to have a couple of scaffolding tools as well, and along with Discussion, both phases had a
direct presentation of information tool for ensuring the same provision of information
among students. Finally, in the Multiple Phase category, scaffolds (14), prompts (7) and
heuristics (4) were the most frequently used forms of guidance, again following the overall
frequency pattern.

Discussion

From our literature review, it is evident that the provision of guidance within CoSIL
environments in science education has expanded. However, while a large number of
guidance tools were identified during the literature review, there was not always enough
evidence to suggest that they can be successfully implemented. Of the 89 guidance tools
identified, only half of them (44) provided empirical results/evidence of a promising and/or
successful implementation. Five tools appear to have mixed results (partially successful)
warranting further investigation in the future, while 14 others were not successful, sug-
gesting that in order to be adopted they would need to undergo major changes or should be
applied under different conditions (e.g., domain, prior knowledge and experience of stu-
dents etc.). Finally, for a total of 26 guidance tools no empirical evidence of their impact
was provided, meaning that further research is needed in order to determine whether they
are successful in achieving their intended purpose.

Out of the 44 guidance tools that provided positive empirical evidence, a number of
them appear to be quite promising for future implementation. Given the findings of our
literature review, we provide a description of types of guidance for each inquiry phase that
could be useful when designing and developing a new inquiry-based learning platform for
online labs. The description of guidance is based on the effectiveness each type of guid-
ance has shown when implemented in each inquiry phase. In some cases, we propose
combinations of various types of guidance or suggest guidance tools that we believe could
be improved. We also provide suggestions regarding types of guidance that are not cur-
rently available for a particular inquiry phase and that we believe could be of added value
for students when working in that inquiry phase.
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Orientation phase

Given that in the Orientation phase students create an initial rough idea of the domain
based on the information provided/gathered, a process constraints tool such as the SEEK
Tutor (Graesser et al. 2007) can help guide students through the search and evaluation of
information and help them rate the reliability of the sources (see Table 2). The SEEK Tutor
was found to be a very valuable tool, because it helps organize student activity and it has
already been found to promote critical thinking among students (Graesser et al. 2007).
Given the complexity involved in all inquiry phases (de Jong 2006a), we believe that
every inquiry phase should be supported by process constraints tools, especially when
novice students are involved. It is important to ensure right from the beginning that the
students are on track. According to de Jong and Lazonder (2014) the complexity of an
inquiry phase could be reduced by the use of process constraints. For instance, this can be
achieved by restricting the number of options that students must consider during an inquiry
phase. Of course, the constraints are not necessary all of the time, especially once the
students have gained enough experience with the inquiry processes. One way to address
this issue is to apply a fading mechanism, which gradually reduces the support provided as
the student’s experience grows (de Jong et al. 1999; Veermans 2003).

Should the CoSIL environment provide the students with a library of websites, then an
Artemis-like scaffold (Butler and Lumpe 2008) can be an option to help students search
and sort information (see Table 2). While it was not clear if the positive relation between
the use of the tool and students’ performance was due to the software itself, Artemis can be
of great help. In particular, it contains search, saving and viewing, maintenance, organi-
zational and collaborative scaffolding features, and warrants further assessment. In addi-
tion, when providing information to students, a direct presentation of information tool such
as Access to domain knowledge (Veermans 2003) can be used to provide the definitions of
the concepts under study (see Table 2). While we identified only one such tool in this
phase, we believe that more direct presentation of information tools could further help
guide students. By using direct presentation of information tools we make our CoSIL
environments more fransparent to the learners and thus support them to perceive its
content more easily (Swaak et al. 1998).

Further, for students to connect the information they gathered with major relevant
concepts, we suggest using the Concept map template (MacGregor and Lou 2004) scaffold.
MacGregor and Lou found that the use of the template helped students organize and
synthesize information, leading to higher-order learning (see Table 3). In addition, an
Articulation box scaffold like the one in the Model-It software (Fretz et al. 2002) can
encourage them to articulate their reasoning when creating relations (see Table 3). While
both tools were identified for the Conceptualization phase, we recommend their use in the
Orientation phase as well, since this phase also involves gathering and organizing infor-
mation, namely the main variables of the domain, and the problem and issues involved
(Scanlon et al. 2011).

Finally, we note that no prompts, heuristics, or performance dashboard forms of
guidance were identified in this phase. Prompts and heuristics are important tools that were
found, in other inquiry phases, to provide instructions that keep students on task; thus, it
might be a good idea to think how to take advantage of these guidance tools for supporting
the Orientation phase as well. On the same note, performance dashboard tools allow
students to monitor their learning and can be very useful, especially in the phase of
Orientation where students come across new information. For these reasons, we strongly
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recommend that these forms of guidance should be further investigated as possible sup-
ports for the Orientation phase.

Conceptualization phase

When students enter the Conceptualization phase without specific ideas of the relations
among concepts, they create questions or state “issues” (de Jong 2006b). When they
already have some prior ideas related to the domain at hand, the students can also create a
set of hypotheses. One well-known tool to help students create hypotheses is the Hy-
pothesis Scratchpad scaffold (de Jong 2006b), which allows students to compose hy-
potheses from separate elements such as variables, relations, and conditions using “if-
then” statements (see Table 3). It also allows students to construct concept maps that
represent the relations among variables (Wirth et al. 2009), just like the Concept map
template (MacGregor and Lou 2004) scaffold mentioned earlier. While the original Hy-
pothesis Scratchpad tool seemed too complex for students (van Joolingen and de Jong
1997) we believe that a revised version of this tool could be a very valuable asset for future
CoSIL environments. Another option is to provide students with complete, pre-defined
questions or hypotheses as was the case with the Shared proposition table (Gijlers and de
Jong 2009) scaffold (see Table 3). The shared proposition table provided students with a
list of predefined propositions, which led to significant gains for knowledge about relations
and motivated students to make more related comments (Gijlers and de Jong 2009).

The success of the aforementioned tools could also be supported by prompts similar to
those used in the Metacognitive scaffolds in Animal investigator (Kim and Pedersen 2011).
During hypothesis development, the students are guided with prompts in the form of
reflection questions, self-questions, and checklist statements. In their study, Kim and
Pederson found that these prompts enhanced students’ performance during hypothesis
development (see Table 3). Kim and Pederson (2011) highlight the essence of stating
proper hypotheses for inquiry, since they affect the rest of the inquiry process. Despite the
fact that prompts can be of great help to students, we found only one prompting tool for
this phase in the reviewed literature. Given the success of the prompts of the Metacognitive
scaffolds in Animal investigator tool (Kim and Pedersen 2011) we believe that more such
tools should be designed for the purposes of the Conceptualization phase.

While the Conceptualization phase is not one of the phases that usually takes much time
during student inquiry, researchers have developed guidance tools that cover almost all of
the types of guidance, which serves to emphasize the importance of this phase. The only
type of guidance that was not developed for this phase is the performance dashboard.
However, a performance dashboard could be useful in several ways. For instance, it could
keep track of the variables considered by the learner. Thus, further research is suggested
for developing a performance dashboard for the Conceptualization phase.

Investigation phase

In the Investigation phase students interact with the online lab and collect data in relation
to their questions or hypotheses. However, in order to engage in a sensible investigation
process, they need sufficient prior knowledge of the subject domain and in designing and
implementing any form of investigation. One way to test this is through experiment
prompting (Chang et al. 2008) which ensures that students do not proceed without suffi-
cient background-knowledge. This particular tool prompted students to test their knowl-
edge before running an experiment. Specifically, for making certain that the learner has
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gained adequate background-knowledge in order to proceed with the conduction of any
experiment, this tool provides an online evaluation (there are 20 test items, 5 points for
each item), in which the student must reach a minimum threshold of 80 points. Only after
students had reached this minimum threshold, they could proceed with their experiments.
After allowing students to proceed with experimentation, the Experiment prompting tool
provides prompts on how to run an experiment, as well as it encourages the students to take
notes throughout an experiment. Using Experiment prompting, students had better learning
performance than those using a step-by-step guidance approach, which did not require a
background-knowledge check (see Table 4).

Further, students can be supported in identifying the independent and dependent vari-
ables involved in the experiment under study and their relations. A scaffold like Dynamic
Testing (Model-It software) can help the students to do this (Fretz et al. 2002). This
scaffold promotes interaction between the student and the model, helps students detect
errors and encourages them to test their model multiple times in order to make im-
provements (see Table 4). With a performance dashboard, such as the Monitoring tool of
SIMQUEST (van Joolingen and de Jong 2003), students can store their experiments and
present the values of the variables in a table format. They can later replay the experiments
or sort variables to compare different experiments (see Table 4), which is of great im-
portance for successful experimentation.

Finally, a scaffold similar to the Data Interpretation scaffold (BGuILE) could be used
for asking students questions to guide their interpretation of the data (Smith and Reiser
1997). While this tool was not supported by empirical evidence (see Table 4), we believe it
could be valuable for students. Research shows that one of the obstacles that students face
during the Investigation phase is data interpretation (see de Jong 2006a). Thus, any support
provided in this direction could prove useful.

The Investigation phase is the most tool-populated phase of the inquiry cycle; however,
during our literature review we identified only one performance dashboard developed for
this inquiry phase. Despite the fact that most tools were designed for this phase, we
strongly recommend further development of guidance tools for this inquiry phase because
of the large number of activities and data management involved in this phase, as well as
because of the difficulties students face when enacting this phase. According to de Jong
(2006a), in the investigation phase students have difficulties in making predictions, in-
terpreting the data collected and linking them to their hypotheses, designing and running
fair experiments, and connecting an experiment’s findings with long-term planning.

Conclusion phase

Guidance is crucial in the Conclusion phase, because students are trying to make sense of
their findings and establish relations among the variables under investigation. A helpful
guidance tool for this phase appears to be the “Prompts for writing scientific explanations”
(McNeill et al. 2006). This tool helps students write scientific explanations following the
structure of claim-evidence-reasoning. Students are provided with related prompts for each
of the three elements, namely, “Write a sentence that states...”, “Provide two pieces of
data that supports your claim that...” and “Write a sentence that connects your evidence to
your claim that...”, respectively (McNeill et al. 2006, p. 164). The idea is to enable the
students through prompts to have all three key elements in their mind at the time a
scientific explanation is developed. Another good example for providing support in this
phase is the ExplanationConstructor (BGulILE) scaffold, which requires from students to
connect their data with their explanations, thus linking their claims with the evidence
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collected during their investigation (de Jong 2006b). Based on a study by Reiser et al.
(2001), this scaffolding tool helps students move between the investigation and the ex-
planation environment, that is the ExplanationConstructor, effectively (see Table 5). A
combination of a scaffolding tool, such as the ExplanationConstructor (BGuILE), along
with prompts could be more beneficial for students when writing their conclusions than
when used individually. Needless to say, further research is needed concerning this topic.

Another combination of different types of guidance that might be valuable to the
learners in this phase could be a blend of a performance dashboard and scaffolding tools,
such as the Tuolumne River Module tool (Woolf et al. 2002). For instance, while students
have already completed analyzing and interpreting their data, it is crucial, when writing
their conclusions, to have access to their findings stored in the previous phases (using the
Monitoring tool as suggested above; van Joolingen and de Jong 2003). As in the Inves-
tigation phase, a single performance dashboard tool exists, Tuolumne River Module
(Woolf et al. 2002), but because no successful empirical evidence is provided regarding its
effectiveness, we further support the design and test of others.

Finally, in the Conclusion phase, there was no direct presentation of information or process
constraints tools. Based on the needs arising in this phase, we believe that a direct presentation
of information tool might not be as necessary as a process constraints tool. A process con-
straint tool is important because it could reduce the complexity (de Jong and Lazonder 2014)
involved in the Conclusion phase, such as gathering/identifying proper evidence to accept or
reject a hypothesis. For instance, this can be achieved by restricting the number of data (i.e.,
focusing students’ attention to the data associated with the variables of the hypothesis under
investigation), along with their corresponding analysis (evidence), that students must con-
sider for reaching to conclusions. Thus, we suggest that more effort be invested in developing
process constraint related guidance tools for this phase.

Discussion phase

Similar to the Conclusion phase, the Discussion phase is quite demanding. For instance,
reflecting upon and communicating information to others is a skill-demanding process and
guidance can play an important role in completing the inquiry cycle successfully. Thus, we
suggest using the Evidence Palette and Belief Meter (Lajoie et al. 2001), as they en-
couraged students to reflect on their processes and results. The Evidence Palette makes
students reflect on their plans and actions while the Belief Meter makes them think about
the data collected and screened. Lajoie and her colleagues argue that “making actions and
results visible in the evidence palette facilitates reasoning by supporting memory” (2001,
p- 161). In addition, by using a direct presentation of information tool such as the Argu-
mentation Palette (Lajoie et al. 2001) students could justify their conclusions by comparing
them with those of experts, thus reflecting on their own argumentation process. In this
particular case, Lajoie et al. (2001) required from students to use the Argumentation Palette
to (a) organize evidence to build a justification for their diagnostic conclusions (the task
was to identify a patient’s disease), (b) build an argument based on the evidence,
(c) compare their argument to the one of an expert (expert arguments were provided by
physicians and teachers; a narrated recap of how a physician solved the problem was also
provided), and (d) reflect on their argument in comparison to the argument of the expert.
The empirical evidence reveals that the Argumentation Palette supports students to
categorize as well as prioritize the available evidence based on its importance. The two
types of guidance, Evidence Palette/Belief Meter and Argumentation Palette, could be
combined for deeper student reflection.
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To accompany the aforementioned tools, we also recommend inclusion of the Prompts
for self-reflection and the Science Writing Heuristics (SWH) for better guidance. The
Prompts for self-reflection (Eckhardt et al. 2013) encourage students to assess their inquiry
process and describe their reasoning. When doing so, their acquisition of conceptual
knowledge improved (see Table 7). Similarly, the SWH tool aims at “promoting thinking,
negotiating meaning, and writing about science laboratory activities” (Hand 2004, p. 131).
In combination with a textbook explanation task, the SWH can benefit conceptual un-
derstanding and metacognition. In addition, Keys ( 2000) and Keys et al. (1999) reported
that the SWH tool promoted understanding of the nature of science (see Table 7).

Our literature review revealed the absence of process constraints and performance
dashboard tools from this phase. We believe that both types of guidance are necessary for
this phase, because students are expected to have access to and reflect upon their actions, as
well as to stay on task. A performance dashboard could provide students with feedback on
whether they progress well in terms of their learning process or the quality of their learning
products (de Jong and Lazonder 2014). This way, it could serve as a check mechanism on
whether the students are on the right track or they need help. If the latter is the case, the
performance dashboard tool could suggest to students to move to the Discussion phase in
an attempt to get new information from peers that might position them back on track.
Moreover, we also recommend the design of more scaffolding tools, because only one was
identified in the literature review. For example, a scaffolding tool for writing scientific
reports in combination with a presentation tool for sharing information among peers could
be very helpful in the Discussion phase. The idea is to strengthen the quality of the
materials or information exchanged among peers as much as possible.

Conclusions and implications

CoSIL environments have been identified by many researchers to be one of the best means
to implement inquiry-based learning, because they provide affordances that other tradi-
tional means cannot offer. One such major affordance is the provision of guidance as is
also evidenced in recent overview works (Alfieri et al. 2011; Arnold et al. 2014; d’ Angelo
et al. 2014; de Jong 2006a; de Jong and Lazonder 2014; Donnelly et al. 2014; Furtak et al.
2012; Gerjets et al. 2008; Plass and Schwartz 2014; van Joolingen and Zacharia 2009).
Guidance could result in offering learners more agency in their learning process (de Jong
and Lazonder 2014) and the means to overcome the challenges posed by CoSIL envi-
ronments, mainly because of the cognitive and metacognitive complexity of the learning
experiences these environments offer (Azevedo 2005; @degaard et al. 2014; Scheiter and
Gerjets 2007). In other words, guidance is regarded as a means to support students’ self-
regulated learning, through which students become responsible for their learning endeavors
and thus are responsible for managing on their own any challenges that arise (Hadwin and
Winne 2001; Pintrich 2000; Zimmerman 2001).

In this paper we aimed to examine whether research so far in the CoSIL domain has
advanced to the level of developing effective means/tools to provide all of the forms of
guidance to support all of the processes involved in carrying out inquiry, especially with
online labs. In so doing, we identified the means/tools already developed for all of the types
of guidance that have shown to support student inquiry in CoSIL implementations (process
constraints, performance dashboard, prompts, heuristics, scaffolds, and direct presentation
of information) and, therefore, might have the potential to serve student inquiry when using
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CoSIL environments with science online labs (virtual and remote labs offered through
computer technology).

In particular, the findings of our literature review provide evidence as to which inquiry
phases of CoSIL implementations need more guidance (e.g., Conceptualization) or which
inquiry phases of CoSIL implementations have a reasonable number of guidance tools, but
lack empirical evidence concerning their impact on student learning (e.g., Investigation), as
well as which forms of guidance have been used the most (prompts, heuristics and scaf-
folds). While our findings make sense given students’ needs in CoSIL environments, it
should be noted that some of the inquiry phases (Orientation, Conclusion and Discussion)
have been poorly supported by a very limited number of guiding tools/means and some of
the forms of guidance (Process constraints, Performance dashboard and Direct presentation
of information) have been comparatively neglected. This warrants further investigation as
to why these phases and forms are so poorly represented and whether more guidance is
required. Could more tools for the underrepresented types of guidance and in the less
supported phases help promote the positive impact of the other phases, or even the whole
inquiry learning process? Finally, while acknowledging this underrepresentation of guid-
ance, one cannot disregard the fact that a large number of guidance tools were applicable in
multiple phases, some of which could be applicable in some of the less popular phases and
forms. For example, we support the idea of a performance dashboard available in all five
phases of the inquiry cycle in order to organize all functions and tools and place them
within the immediate reach of the student, making them available at all times. Another
example could be the process constraints type of guidance. In this case, this specific type
could be present in all inquiry phases guiding students through the different steps within
each phase while reducing the complexity of the learning process. Needless to say, these
are just conjectures that need to be further examined through future research.

Overall, we believe that for a newly designed CoSIL environment with online labs
guidance should continue to be personalised (de Jong 2006b; de Jong et al. 2014; Quintana
et al. 2004) and aim at supporting self-regulated learning (Hadwin and Winne 2001;
Pintrich 2000; Zimmerman 2001). Researchers report on several difficulties that students
face when self-regulating their learning (e.g., Azevedo 2002) and present CoSIL envi-
ronments, which provide guidance, as one of the best ways to help students to overcome
them at their own personal time and pace of learning (Gerjets et al. 2008). This means that
guidance should be provided according to the needs of the student, as well as in different
forms (Belland and Drake 2013). This is a major issue that the literature fails to inform us
about and is definitely worthy of future investigations. For example, hypotheses can be
directly offered to students in a ready-made form (direct presentation of information) if
students are having difficulties forming a hypothesis on their own, or students can be
offered a scaffold that helps them create a hypotheses from different elements/concepts, or
students can only be prompted that they should create a new hypothesis because their
previous one does not fit the hypothesis profile. Of course, this moves the entire burden
onto the teachers, because they are the ones who will program the platform settings to
respond to students’ difficulties/problems during inquiry endeavours. Again, this is an issue
that needs further investigation, because since most teachers do not have the background
and/or training to respond to such tasks.
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