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study that has investigated how an automated assessment tool for distributed pro-

Obijectives: This study examined the ways our online Distributed Systems Laboratory
(DSLab) tried to enhance students' SRL strategies in an authentic long-term online
educational experience.

Methods: We applied an experimental research design, involving 111 university stu-
dents who performed a programming assignment using DSLab. A customized ques-
tionnaire was used to collect data from all students.

Results and Conclusions: The statistical analyses revealed that DSLab tool managed
to facilitate students' cognitive and meta-cognitive strategy use to a certain extent
and critical thinking strategy use to a fairly large extent.

Implications: Though more experimental results are needed to delve more deeply
into these findings, this study provides relevant implications for online distributed
(or general) programming course teachers who seek to increase students' SRL strate-

gies in this field.
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1 | INTRODUCTION metacognitive, critical thinking, and others, with the aim to manage

their learning process better and improve their academic achieve-
Self-regulated learners are active participants in their learning, ment (Panadero & Jarveld, 2015; Zimmerman, 2013). There are sev-
adopting various learning strategies, such as cognitive, eral self-regulated learning (SRL) strategies which students may
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employ to help them study, apply knowledge and skills and ulti-
mately learn. These strategies fall into at least four categories:
(a) cognition (strategies to remember or elaborate information);
(b) metacognition (planning, setting goals, monitoring, and evaluat-
ing); (c) motivation (enhance self-efficacy, intrinsic task interest);
and, (d) behaviour (help-seeking, time management, and creating a
positive learning environment for learning task) (Andrade &
Evans, 2013; Manso et al., 2016).

SRL strategies can be considered specific skills that can be
exercised and reinforced when students use a specific learning envi-
ronment to apply them in real contexts (Zimmerman, 2013). A system-
atic review performed by Wong et al. (2019) has shown that
supporting SRL leads to enhance the use of SRL strategies and learn-
ing performance in computer-based learning environments. The
importance of supporting SRL strategy use is further advocated by
several meta-analyses which have evidenced a positive relationship
between SRL-supports, SRL strategies, and academic achievement
(Ergen & Kanadli, 2017; van Ewijk, 2011; Zheng, 2016). Another
approach that supports SRL in online learning environments is feed-
back. Yet, in their literature review, Wong et al. (2019) found only two
studies that investigated feedback as an approach to support SRL.

Though a variety of automated assessment tools has been devel-
oped over the years to assess programming assignments (Pettit
et al,, 2015), there is hardly any study that has investigated how an
automated assessment tool for distributed programming could facili-
tate students' SRL strategies. Some studies in computer science edu-
cation showed that students face difficulties when they are not aware
of SRL and metacognitive strategy use; instead, when they employ
SRL and metacognitive strategies they achieve good performance
(Alharbi et al., 2012; Alhazbi & Hassan, 2013; Bergin et al., 2005).

In general, previous research has consistently shown that online
learners need to self-regulate their learning. Embedding systems with
SRL-enabling features in online learning environments is of increasing
interest as one way to enhance students' SRL strategy use.

This study explores the extent to which our online Distributed Sys-
tems Laboratory (DSLab) can enhance students' SRL strategies when they
deploy, execute and assess their distributed programming assignments
using this environment. Feedback is one of the features that DSLab uses
to support students in carrying out their assignment effectively. As such,
one of the objectives of this study is to examine the effectiveness of the
tool feedback in facilitating students' SRL strategy use.

The study will therefore address the following research question:

e RQ-—To what extent has the DSLab tool managed to facilitate stu-

dents' cognitive, metacognitive and critical thinking strategy use?

2 | LITERATURE REVIEW: SELF-
REGULATED LEARNING (SRL) STRATEGY USE
IN ONLINE COMPUTER SCIENCE
EDUCATION

In their systematic literature review in computer science education,

Garcia et al. (2018) highlight the value of e-learning tools that support
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students in developing SRL strategies and apply them to learn pro-
gramming concepts and debug programs. Yet, their results showed
that current tools are still far from achieving students' growth in self-
regulated skills, opening up an opportunity for a more detailed investi-
gation into these platforms to determine how students effectively
engage in SRL. In their survey of automated assessment tools (AAT),
Pettit et al. (2015) analysed the real usefulness of AATs in program-
ming courses. They found out that AATs can be useful in reinforcing
the accuracy of assessment, assisting teachers and enhancing student
learning. Nevertheless, though several ATTs have been developed,
only few studies were dedicated to producing formal results regarding
the effects of tool use (Chen et al, 2017; Ihantola et al., 2010;
Kelleher, 2014). In order to decrease negative student perceptions,
the authors emphasize the importance for more systematic experi-
mental research that takes the students' opinions into account for
determining the necessary factors and features to improve AATS'
design and use.

Other assessment tools highlight the use and importance of feed-
back when they analyse and assess programming assignments
(Barker-Plummer et al., 2012; Stajduhar & Mausa, 2015; Vujosevié-
Janici¢ et al., 2013). All authors stressed the need to provide a feed-
back that is effective to the students, matching and coping adequately
with the type and nature of student errors. However, all these sys-
tems do not provide a systematic way to explore the variety of attri-
butes and factors that can promote the development of a
programming assessment tool that matches the needs and interests of
both teachers and students as regards its real usefulness.

In addition, few studies concerning automated programming eval-
uation systems attempted to examine ways for supporting students'
SRL in these environments.

More specifically, some studies examined how to foster self-
regulated learning in introductory computer programming courses
(Alhazbi & Hassan, 2013; Bergin et al., 2005). To that end, several
strategies, such as direct instructions, guided practice or feedback,
were implemented using different tools to train student on SRL skills.
The MSLQ instrument was used to measure students' awareness of
SRL skills.

Alharbi et al. (2014) designed an online learning object system to
support the self-regulated learning of programming languages con-
cepts. They emphasized the importance of improving students' meta-
cognitive skills by incorporating more features into the learning
material, such as self-assessments with instant feedback, and self-
reflection support.

Pedrosa et al. (2016, 2019) used the SimProgramming pedagogi-
cal approach to help students overcome learning difficulties
transitioning from entry-level to advanced computer programming. To
that end, the approach urged students to use as many SRL strategies
as possible, namely organizing, planning and transforming strategies.

More recent web-based automated assessment tools for pro-
gramming learning allow standard compiler/interpreter feedback and
tracking of students' actions; however, the resulting analysis only pro-
vides information about student participation and progress (Gerdes
et al, 2017; Grivokostopoulou et al., 2017; Hundt et al., 2017;
2017; Robinson & Carroll, 2017;

Rivers & Koedinger,
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Sukhoroslov, 2018). Neither study investigated the relationship of
their web-based learning environment with students' SRL strategy
use. Finally, no systematic studies exist that explore ways of
supporting students' SRL in online environments used for distributed
programming learning or for the automatic assessment of distributed
programming assignments.

Given its importance for student learning, the aim of this work is
to explore to what extent our automated programming assessment
tool (DSLab) can enhance students' SRL strategies, focusing specifi-
cally in the area of distributed programming, a study which is missing

in current literature.

3 | METHOD

3.1 | Context

DSLab is a web-based tool that provides a transparent deployment,
execution and assessment of programming assignments (distributed
algorithms) in a distributed infrastructure (a set of remote computers,
each one running an instance of the algorithm). So, it is not a simple
parsing tool but a stand-alone self-assessment environment. It differs
from generic platforms like Learning and Course Management Sys-
tems (LMS and CMS), since the latter are used to manage and deliver
e-learning courses and learning material. Yet, several SRL-supports
were implemented in online learning environments, such as prompts,
feedback, and other types of integrated support constructs (Wong
et al., 2019).

Though general purpose learning platforms are not in principle
designed to evaluate programs, from the development point of view
it is feasible to extend them with an interface to manage the assess-
ment of programs. DSLab could be integrated into a larger online
learning environment, for instance through a generic APl. However,
the complexity of DSLab is not in the interface but in the other com-
ponents that allow the assessment of programs in a distributed infra-
structure. As a future work we may consider the case of providing a
generic API to allow the integration of DSLab with different plat-
forms, including a general purpose learning platform. But until now
we have been focused on the development of the self-assessment
tool with an ad-hoc interface with the aim to test its effectiveness
on a variety of factors that affect students' learning of distributed
programming.

DSLab allows teachers to define the evaluation tests that a stu-
dent's programming assignment should go through so that it can be
assessed as correct or not. More specifically, DSLab evaluates
whether the distributed algorithm implemented by the student exe-
cutes correctly. In an engineering degree it is very important that stu-
dents demonstrate their ability to successfully accomplish practical
assignments. Running manually all tests necessary to assess the cor-
rect functioning of a program is time consuming for teachers (some
tests last up to 8 or 10 min), do not introduce any added value and it
is error prone. On the contrary, using DSLab, students have immediate
feedback and do not have to wait for the teacher's correction to know
whether their code was correct of not. In addition to the assessment
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provided in DSLab, students deliver a report that includes the theoret-
ical aspects of the assignment; in this case, teachers assess these
reports manually.

The realization of our case study involved undergraduate stu-
dents in a Distributed Systems online course who had to carry out a
programming assignment. In fact, students had to implement the Time
Stampled Anty-Entropy (TSAE) protocol, a distributed optimistic algo-
rithm, which eventually guarantees that all replicas of a service have
the same data. Since the implementation of a distributed algorithm is
a complex task, we divided it in four parts (phases), as shown in
Figure 1: Phase 1 involves the implementation of the functionality of
the basic data structures necessary to implement TSAE; Phase
2 entails the implementation of a reduced version of TSAE protocol
(only add operation, but no purge of log); Phase 3 requires the imple-
mentation of the functionality to purge log with unsynchronized
clocks; and, Phase 4 concerns the implementation of a remove opera-
tion of a tiny service that uses TSAE protocol to maintain consistency
between replicas. To that end, students could freely use the DSlab
platform to upload each phase of their assignment and execute it in
order to assess the correctness of its code. As soon as students
achieved a correct code, they could pass to implement the next phase
until they complete the assignment.

The benefits of online students employing DSLab tool are mani-
fold (Marqués, Daradoumis, Calvet & Arguedas, 2020): (i) their solu-
tions are assessed automatically (without teacher's intervention) in a
consistent manner and they get immediate feedback from the tool,
which enables them to know right away whether their code does not
work adequately; (i) they strive for a better solution and, therefore,
better learning, by submitting their code multiple times (as shown in
Figure 1) and improving it through the tool feedback; and (jii) they are
provided with a grading facility, which lets them know the mark they
obtain at the end of the execution.

Yet, the current version of DSLab presents some limitations
which are important to be expressed for placing research findings in
context: (i) the tool feedback is quite technical, so the generation of a
more descriptive and explanatory feedback that is more adaptable to
students' knowledge level is more desirable; (ii) feedback provides
execution logs at a certain level of detail explained below, however a
more rigorous analysis of the log files of students' interactions with
the tool could be more helpful; and (iii) students need to spend some
time in order to achieve high familiarization and constant activity with
the tool.

Students receive two types of feedback as a result of a submis-

sion: (a) detailed information about the outcomes of the execution
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FIGURE 1 The four implementation phases of a programming
assignment executed in DSLab
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(this information depends on the assignment, therefore it is different
for each type of assignment) and (b) execution logs (which we explain
in detail below). This immediate feedback constitutes an important
feature of DSLab. Figure 1 (result of all submissions) and Figure 2
(execution logs) illustrate how feedback functions in DSLab and is
presented to a student.

Students can check the result of all their submissions. Figure 2
shows the result of the last six submissions of student s. “id” is a

unique identifier of the submission. Other fields are:

e “Experiment”: indicates the id of the uploaded code.

e “Result Date”: date that the activity was submitted.

e “Group™: id of the group that submitted the activity.

e “Success’: indicates if the submission was correct or not.

o “Phase”: id of the activity.

e “Result summary”: summary of the result.

e “Result”: link to the detailed information associated with the sub-
mission. In our case it is the final state of each data structure of
each instance involved in the assignment together with the
detailed information associated with the assessment.

e “Logs”: link to a functionality that allows students to obtain the
logs generated by each instance during the execution. Next
(in Figure 3) we present an example of the feedback information
included in the execution logs.

DSLab deploys and assesses the assignment (a distributed algorithm) in a dis-
tributed environment—that is, a set of computers each one running an
instance of the algorithm. Students do not have access to these computers;
therefore, they need a way to know what happened during the execution of
the assignment, especially when the assignment failed. A common way of
keeping track of the events that occurred while running a program is record-
ing the information associated to these actions in a log. We implemented a
logging service in DSLab to store the execution logs generated by each
instance of the distributed algorithm while the assignment is being assessed.
We defined six log levels (in decreasing order of severity): FATAL, ERROR,
WARN, INFO, DEBUG, and TRACE. Students decide which logs to include

¢] Result List
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in the code to trace the execution as well which log level to assign to each
piece of information they want to log. This allows them to later filter the logs
according to the level of detail they are interested in. Table 1 shows the six
log levels, with their definitions and examples.

Figure 3 shows an extract of the execution logs generated during
the assessment of the assignment. DSLab runs the student's implementa-
tion interacting with the instructor's implementation of the distributed
algorithm. In this case, the assessment was done with eight instances of
student's implementation interacting with seven instances of instructor's
interaction, all of them running in different nodes in a distributed environ-
ment. The assessment is correct if the student's instances have the same
final state as instructor's instances. The student can choose up to which
level of detail he/she wants to get the logs; in this case, as we want to
find out which the problem of student's code could be, we selected to
view up to the level of TRACE, which is the level that provides more
detailed information about what occurred during the execution of the
assignment. More specifically, in this portion of the trace, we could see
the following information: Instructor's instances 4 and O and Student's
instance 6 are disconnected. Instructor's instance 2 and Student's
instances 7, 0, 4, and 8 added a new date (a recipe in this case). Finally, at
the level of TRACE, trace of instructor 2 at 08-04-2019 10:06:04:886
(Inserting into Log the operation: AddOperation [..]) provides a more
detailed information about accessing the Log data structure. Similarly, the
trace of instructor's instance 7 at 08-04-2019 10:06:06:753 includes the
information that this instance is sending to a partner instance while being
at a consistency session.

In general, students can look up the logs in the web interface
(as shown in the snapshot) or download all execution logs in a zip file
that contains a file for each instance. The file of each instance con-

tains the logs generated by that instance.

3.2 | Participants

Participants were a sample of 132 fourth year undergraduate com-
puter science students (93% male and 7% female), working adults with

’€:

¢ @ Ecdy v INn e @ =
User: s (STUDENT) Classroom: Test_students Logout
I
Home
Result List
Result
Id Experiment Date Group Success Phase Result Summary Result Logs
616 Exp #403 @ 2019-04-13 840236112 True 3 Correct. Results are equal Nodes converged at the View View
[840236112) 11:05:27.0 iteration 1 more
590 Exp #386 @ 2019-04-10 840236112 True 2 Correct. Results are equal Nodes converged at the View View
[840236112) 10:52:33.0 last iteration more
578 Exp#379@ 2019-04-08 840236112 False 2 Results are NOT equal View View
[840236112] 09:35:52.0 more
56 Exp #34 @ 2019-03-16 840236112 True 1 Correct: Phase1 Summaries and Logs are equal. View View
[840236112] 19:12:41.0 more
25 Exp #18 @ 2019-03-02 840236112 False 1 Phase1 Summaries are NOT equal View View
[840236112] 18:43:31.0 more FIGURE 2 A Completed
1 Exp #7 @ 2019-02-27 840236112 False 1 Phase1 Summaries are NOT equal and Logs are View View assessment Of an aSSIgnment n

[840236112] 11:46:12.0 NOT equal

more DSLab
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FIGURE 3  An extract of the
execution logs of level INFO and <«
TRACE generated during the

execution of an assignment
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¥in & @ =
[840236112@10.20.30.18:35000] >> Server DISCONNECTION

[840236112@10.20.30.12:35001] ADD recipe: xsvenuhj

[840236112@10.20.30.15:35000] ADD recipe: kjanhmyc

[840236112@10.20.30.21:35000] >> Server DISCONNECTION

[840236112@10.20.30.21:35001) ADD recipe: vibhytom

[840236112@10.20.30.20:35001] >> Server DISCONNECTION

[840236112@10.20.30.20:35000] ADD recipe: jekfchnw

Inserting Into Log the operation: AddOperation [recipe=[jekfchnw, Content--jekfchnw, 840236112

timestamp=840236112@10.20.30.20:35000: 0]

Updating the TimestampVector with the timestamp: 840236112@10.20.30.20:35000: 0

[840236112@10.20.30.18:35001] ADD recipe: cbswsjyv

[TSAESessionOriginatorSide] [session: 1] TSAE session

[TSAESessionOriginatorside] [session: 1] TSAE session

[TSAESessionOriginatorside] [session: 1) TSAE session

[TSAESesslonOriginatorSide] [session: 1] sent message: quest [session: 1, y=840236112@10.20.30.12:35001
-1000 840236112@10.20.30.17:35000: -1000 840236112@10.20.30.17:35001: -1000 8402361 12@10.20.30.12:35000: -1000
840236112@10.20.30.21:35000: -1000 840236112@10.20.30.10:35000: -1000 840236112@10.20.30.21:35001: -1000
840236112@10.20.30.20:35001: -1000 840236112@10.20.30.11:35000: -1000 8402361 12@10.20.30.16:35000: -1000
840236112@10.20.30.18:35001: -1000 840236112@10.20.30.20:35000: -1000 840236112@10.20.30. 18:35000: -1000
840236112@10.20.30.19:35000: -1000 840236112@10.20.30.14:35000: -1000 8402361 12@10.20.30.15:35000: -1000
840236112@10.20.30.13:35000: 1000 ]

[TSAESessionPartnerSide] [session: 1] TSAE session

TABLE 1 The six log levels of DSLab feedback with their definitions and examples
Log
level Description Example
FATAL Severe errors Unable to connect to server 10.20.30.35
ERROR  Other errors or unexpected conditions Not enough Servers were connected at the
moment of finishing the Activity Simulation
phase.
Received Results: 8
numRequiredResults: 10
WARN Undesirable situations that may not be Recipe with timestamp
an error [840,236,115@10.20.30.20:35000] is not
inserted because other previous recipes are
missing. Last known timestamp:
[840,236,112@10.20.30.20:35000]
INFO General information [840,236,112@10.20.30.20:35000] ADD
recipe: jekfchnw
DEBUG More detailed information ###H## [iteration: 2/12] sending partial result
TRACE Very detailed information Updating the TimestampVector with the

a mean age of 36.68 years (SD = 16.58), who performed the same

timestamp:
840236112@10.20.30.10:35000: 2

33 |

Explanation of the example
Server 10.20.30.35 is not reachable.

Unable to complete the evaluation because
the number of available servers is lower
than the minimum required number of
available servers.

The data with timestamp
[840,236,115@10.20.30.20:35000] could
not be inserted because previous data is
missing.

A new data with timestamp
840,236,112@10.20.30.20:35000 is
generated.

A partial result is send

The data structure TimestampVector is
updated for the timestamp
840,236,112@10.20.30.20:35000

Research design

assignment during 7 weeks online. Students had mid- to high-level
programming skills since they had previously attended three program-
ming courses, an operating systems course as well as a computer net-
works and Internet course. The assignment could be carried out either
individually or in pairs (formed by students themselves). In any case,
students could decide which option they preferred since the same
task and assessment criteria were applied.

First, we present the theoretical basis that supports the proposed
research and determines the variables we would like to measure.
Panadero (2017) presented and analysed six models of SRL. He identi-
fied that Pintrich's SRL model and his widely used MSLQ question-
naire (Pintrich, 2004) constitute valuable instruments with highly
significant impact in SRL research. Pintrich distinguished four different
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areas for regulation: cognition, motivation/affect, behaviour and con-
text, which provides a comprehensive picture and a significant num-
ber of SRL processes. Due to the broadness of this construct and the
novelty of our research, we focused our study on the cognition
regulation area.

Regarding the area of regulation of cognition, Pintrich reported
that there are a large number of cognitive strategies that students
may use for memory, learning, reasoning, problem solving, and think-
ing. Indeed, many researchers have extensively studied the various
rehearsal, elaboration, and organizational strategies that learners can
use to control their cognition and learning (cf., Pintrich & De
Groot, 1990; Schneider & Pressley, 1997; Weinstein & Mayer, 1986;
Zimmerman & Martinez-Pons, 1986). Rehearsal (repeating/memorizing),
elaboration (transforming), and organizational (organizing) strategies
have been found to foster active cognitive engagement in learning
and result in higher levels of achievement (Weinstein & Mayer, 1986).
Indeed, recent research advocates that students who were trying to
learn by repeating/retrying, transforming, and organizing learning mate-
rial were more cognitively engaged and had better performance than
students who tended not to use these strategies (Hwang et al., 2021;
Lai et al., 2018; Zheng et al., 2020).

As for the metacognition scale, we considered items on meta-
cognitive strategies that help students monitor their learning, namely
plan their learning (e.g., set goals, or think of alternative solutions),
comprehension monitoring (e.g., self-questioning before, during, and
after reading to assist them to comprehend what they have been
studying), and regulate or change learning (e.g., reread text to clarify or
enhance meaning, or to get more clues to help them determine how
to proceed next) (Isaacson & Fujita, 2006; Weinstein, Husman, &
Dierking, 2000).

As concerns the critical thinking scale, we considered strategies
that help students apply prior knowledge to new situations (e.g., be able
to handle new related assignments with ease) and analyse and evaluate
information in a thoughtful manner (e.g., analyse feedback and use it to
recover from errors).

Based on the above, this study aimed to examine whether DSLab
positively influences Cognitive, Meta-cognitive and Critical thinking
strategy use (CMC). To that end, we defined the following variables:
rehearsal (REH), elaboration (ELA), organizational (ORG) cognitive strat-
egies, metacognitive (MET), and critical thinking (CT) strategies.

Students answered a questionnaire at the end of the learning
experience. We designed a customized questionnaire with the aim to
specifically respond to our RQ, which allowed us to collect quantita-
tive data for our analysis. The questionnaire was based on and
adapted from the Motivated Strategies for Learning Questionnaire
(MSLQ) of Pintrich (2004), focusing on the cognition regulation area.
MSLQ is a widely used instrument to assess college students' self-
regulated learning (Chen, 2002) and its validity has been supported
through extensive literature on college student learning and teaching
(Gable, 1998; Taylor, 2012). The adaptation of the original MSLQ
questions was guided by the particular context of our study, its appli-
cation to the programming field and the features of our DSLab envi-

ronment (e.g., the tool feedback).
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3.4 | Data collection

The questionnaire was finally answered by 111 students, that is, more
than 84% of the participants. The questionnaire aimed to examine stu-
dents' perceptions of cognitive, metacognitive, and critical thinking strat-
egy use (RQ). As such, it included 12 items associated with the RQ, as
shown in Table 2.

In particular, we associated a set of questions to the five variables
we defined for measuring students' cognitive, metacognitive and criti-
cal thinking strategy use. To that end we followed the reasoning and
the established criteria of MSLQ in an accurate way, which makes our
questionnaire a reliable instrument for our research. More specifically:

e REH: The use of rehearsal (REH) strategies is related to questions
11 and 12 (REH1-REH2)

e ELA*: The use of elaboration (ELA) strategies is related to questions
2 and 4 (ELA1-ELA2)

e ORG™: The use of organizational (ORG) strategies is related to ques-
tions 1, 3, and 8 (ORG1-ORG3)

e MET*: The use of metacognitive strategies (MET) is related to ques-
tions 5, 7, and 10 (MET1-MET3)

e CT* The use of critical thinking strategies (CT) is related to ques-
tions 6 and 9 (CT1-CT2)

(the variables marked with * are explicitly associated with the tool
feedback)

The use of specific metacognitive strategies (MET) has been cap-
tured by MSLQ question items which were adapted to examine
whether students used ways for achieving comprehension monitoring
(e.g., self-questioning—question 5), regulation or modification of learn-
ing (e.g., re-reading—question 7) and planning of learning (question
10—think of alternative solutions, that is, programming code varia-
tions, and test whether the tool provides flexibility by accepting them
as correct). Similarly, the use of specific critical thinking strategies
(CT) has been captured by MSLQ question items which were adapted
to examine whether students used ways for applying prior knowledge
to new situations (apply prior knowledge, obtained when students
used the tool to execute previous assignment phases, to do a new
phase—question 6), and analysing and evaluating information in a
thoughtful manner (e.g., use prior experience to analyse information
provided by tool feedback more thoughtfully—question 9).

A five-point Likert-type scale was used on a continuum from
1 (Strongly disagree) to 5 (Strongly agree); therefore, quantitative data
is obtained.

3.5 | Data analysis

Data were analysed using descriptive statistics techniques, based on
the Kolmogorov-Smirnov test for a sample and a frequency table. In
addition, we calculated Pearson correlations between certain variables
of our study with the aim to provide a more comprehensive answer of

our research question.
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The Cronbach's alpha coefficient was applied to the student data
to ensure the reliability of data collection. In the analysis of question-
naire data, we obtained a Cronbach's alpha (0.78), which being higher
than 0.70, strengthens the reliability of our items (Table 3).

In addition, we examined the coefficients of multivariate skew-
ness and kurtosis for assessing multivariate normality. Critical values
of all test statistics were calculated. The results showed that data
were normally distributed, as absolute values of skewness and kurto-
sis did not exceed the allowed maximum (2.0 for univariate skewness
and 7.0 for univariate kurtosis) (Table 4). The statistical results are

presented in detail in the following section.

TABLE 2 Questionnaire of twelve (12) question items related to
students' perceptions of cognitive, metacognitive and critical thinking
strategy use (RQ)

Students' perceptions of cognitive, metacognitive and critical
thinking strategy use (RQ)

1. ORG1 When | worked on the assignment, | tried to put
together the information from the course
material, material from previous courses as

well as information provided by DSLab tool.

When | worked on the assignment, | tried to
analyse the tool feedback (logs) so | could
correct the mistakes | have made.

3. ORG2 It was easy for me to discern the useful
information that the tool feedback (logs)

provided to me.

4. ELA2 When | was reading the tool feedback (logs), |
was able to transform the hints | found into

important ideas in my code.

5. MET1 | asked myself questions to make sure |
understood well the feedback provided by the

tool.

6. CT1 | used what | learnt from previous experience
with the tool (in previous phases) to do a new

phase.

7. MET2 When | was reading the tool feedback | stopped
once in a while and went over what | have

read.

8. ORG3 | outlined the best feedback | received from the
tool so that it could help me do the next

phases more effectively.

9. CT2 When reading and analysing the tool feedback |
tried to connect things with what | already

knew.

10. MET3 The use of DSLab made me the notion of

correctness of the assignment too strict. (*R)

11. REH1 | had to use the tool many times in order to

achieve doing the assignment successfully.

12.  REH2 | chose to submit my assignment to the tool as
many times as possible in order to guarantee
its correctness (even though it was not

necessary).

Note: Questions marked (*R) indicate those with negatively worded item
(reverse item).
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4 | RESULTS

We analysed students' perceptions of cognitive, metacognitive and
critical thinking strategy use in relation to five parameters: (1) REH:
Students' use of rehearsal strategies; (2) ELA: Students' use of elabora-
tion strategies; (3) ORG: Students' use of organizational strategies;
(4) MET: Students' use of metacognitive strategies; and (5) CT: Stu-
dents' use of critical thinking strategies.

The corresponding descriptive statistic measures of the above
items are presented in Tables 4 and 5.

Tables 4 and 5 indicate that the most significant values were
obtained for variables REH, ELA1, ORG1, and CT. MET1 and MET2
variables were borderline significant. The rest of the variables (ELA2,
ORG2, ORGS3, and MET3) obtained non-significant values.

As regards rehearsal strategies (REH), though many students (59%)
agreed that they had to use the tool many times in order to achieve a
successful assignment (REH1), a larger number of students (66%) con-
sciously chose to submit their assignment to the tool as many times as
possible in order to guarantee its correctness (even though it was not
necessary). (REH2).

As concerns elaboration strategies (ELA), most students (72%) were
able to use the tool feedback to analyse the errors they have made in
their code and correct them (ELA1). However, 37% were not able to
transform the hints they found in the feedback into important ideas
so that to achieve a more efficient or intelligent code (ELA2). Another
39% were not sure whether the feedback could provide them practi-
cal or useful clues for elaborating their code into an interesting pro-
gram. Only 25% of the students managed to use this aspect of the
elaboration cognitive strategy to obtain a higher level of
programming code.

As for the organizational strategies (ORG), a large number of stu-
dents (65%) agreed that they were able to organize several pieces of
information coming from different sources (such as course material,
previous courses, DSLab feedback) in a meaningful manner so that to
carry out the assignment. However, few students (19%) were able to
dissociate the most useful information from the tool feedback so that
to use it to improve their code. Moreover, just 30% of students tried
to delineate the best feedback and use this information as a support
for performing the next implementation phases more efficiently.

As concerns metacognitive strategies (MET), students mainly used
them when coping with the tool feedback with the aim to monitor or
change their learning. The two strategies students used indicate their
persistence for using the tool feedback.

In particular, due to the importance of feedback for correcting
students' coding errors, more than half of the students (54%) used the
comprehension monitoring strategy (MET1) by asking themselves ques-

tions to make sure they understood well the feedback provided by

TABLE 3 Reliability statistics: The Cronbach's alpha coefficient

Cronbach's alpha No. of elements

0.785 12
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the tool. Moreover, more than half of the students (52%) revisited

%
4

11

13

N those parts of the tool feedback that were not comprehensible to
b 'G T them. Rereading them more attentively helped students clarify prob-
T w oy lematic parts of their code and get clearer indications for changing
g o o . - their code and thus regulating learning (MET2). Yet, a significant num-
> X -~ -~ ber of students (46%) agreed that using DSLab to assess their assign-
2 E ment, the notion of correctness was too strict. Only 23% of them
2» E 228 %Y perceived that they could use DSLab to plan their learning differently
E'.{ - (MET3), that is, allowing them flexibility by accepting different
é - x ° 5 S solutions—programming code variations—as correct.
@ 5 As concerns critical thinking strategies (CT), we see that a major-
*.2 = g N9 9w ity of students used the two strategies examined. In particular, 60% of
IS students applied prior knowledge to new situations (CT1), since they
§ e N o . o were able to use what they learnt from previous experience with the
% E tool (in previous phases) to do a new phase. In addition, 64% of them
% b3 P N9 g ®Q were able to analyse and evaluate information in a thoughtful manner
> (CT2), when they were coping with the tool feedback. Indeed, when
gb - - o they were reading and analysing the tool feedback, they tried to con-
;Cj € & - nect things with what they already knew so that to get the most out
5 "ﬁ' N - .. of their endeavour to complete the assignment.
B 5 = These results show that DSLab tool managed to facilitate stu-
g" . dents' cognitive and meta-cognitive strategy use to a certain extent.
:_,;“ - x S N As concerns cognitive strategies, rehearsal, such as retrying, was a tool
.g" % facility that was broadly used. Mainly, feedback has been the
E o8 8§ 3 ©° tool facility that was mostly associated with the other cognitive, meta-
% cognitive and critical thinking strategies. Feedback allowed elaboration
Hg o | ® S . N oo since it incited most students to elaborate on the errors they have
o 2 made in their code and correct them though it has not offered them
g o £ 098w more advanced elaboration strategies, like transforming (hints into
I*g important ideas in their code). Contrarily, feedback has not fostered
,bS: e 0 o . - students' organizational strategies use. These strategies were reflected
RG] mostly at a higher level since students were able to organize several
g» nO‘ o o » o « pieces of information coming from different sources (such as course
I% * = g material, previous courses, DSLab feedback) in a meaningful manner.
§° © . o o TE Metacognitive strategies (like “self-questioning” for monitoring stu-
T E o E dents' comprehension or “skimming/rereading” for regulating or chang-
'é é E ing their learning) were employed to a considerable extent (more than
§ & T8 2a E 52%) when students were processing the tool feedback. Planning stu-
é . g dents' learning, like make them think of alternative solutions, was an
]g - x Y93 § issue that was not supported efficiently. Finally, critical thinking strat-
-°g’ é T egies, such as apply prior knowledge to new situations, or analyse and
?o Y8 8 8 8 % evaluate information in a thoughtful manner were supported to a fairly
£ = large extent (60% or more).
g e ©° v Q . %D Furthermore, we provide the Pearson correlations between the
S g é cognitive variables REH, ELA and ORG and the metacognitive and criti-
};r; & g N 0w 3 ;‘é cal thinking variables MET and CT, so that to identify whether cogni-
L;; % tive strategy use has any significant influence on metacognitive and
% < © 99 -E critical thinking strategy use (Table 6). We also provide the Pearson
:_d % g correlations between MET and CT variables (Table 7). We analyse
- e e these results in the Discussion section in order to obtain a more com-
w = - e @ plete and knowledge-grounded response as concerns the students'
c:ltal “ N oo 0 é perceptions of cognitive, metacognitive, and critical thinking strategy use
= = when employing DSLab tool.
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TABLE 6 Correlation between cognitive and metacognitive/
critical thinking variables

MET1 MET2 MET3 CT1 CT2

REH1 0301" 0178 0.161 0.142 0.202°
REH2 0.220° 0.303" 0.055 0.195 0.264"
ELA1 03147  0.185 0213 04347  0.608"
ELA2 0.235 0.182 0.198" 0.352" 0.472"
ORG1 0.277" 0.178 0.168 0.160 0.292"
ORG2 0269”7  0.161 0.180 02567 0411”7
ORG3 0.198" 0.171 0.260" 0.318" 0.537"

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).

TABLE 7 Correlation between metacognitive and critical thinking
variables
CT1 CcT2
MET1 0.209* 0.372**
MET2 0.122 0.229*
MET3 0.063 0.140
5 | DISCUSSION

In the field of programming learning assisted by automated assess-
ment tools, DSLab provides an online environment that contributes to
increase students' cognitive and meta-cognitive strategy use to a cer-
tain extent, whereas it facilitates critical thinking strategy use to a
fairly large extent (RQ). This constitutes an important contribution to
the field given that there are few attempts in the literature that exam-
ine ways for supporting students' SRL of programming languages in
these environments. Yet, there is hardly any similar study in the par-
ticular field of distributed programming.

In general, the findings on students' cognitive, metacognitive and
critical thinking strategy use in this study were also reflective of
results in other studies. This supports the consistency of both the sys-
tem and the results obtained. More specifically, working in the DSLab
environment for executing and assessing their distributed program-
ming assignments, students were allowed to use the rehearsal cogni-
tive strategy by performing multiple submissions, which enabled them
to use the feedback from previous executions to improve their code.
This s

(Suleman, 2008) as well as with the contribution of this strategy to

consistent with the concept of iterative learning
students' cognitive engagement and better performance (Zheng
et al., 2020).

Similarly through its feedback, DSLab facilitated the use of the
elaboration cognitive strategy. Feedback gave students the opportu-
nity to analyse the errors they have made in their code and correct
them. Providing elaborate feedback proves to be significantly related
to the development of students' self-efficacy in web-based learning
(Lai et al., 2018; Wang et al., 2013). In this regard, DSLab feedback

should be further improved and enriched with prompts, such as self-
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explanation, reasoning-based prompts (Yeh et al., 2010), which could
allow students to transform knowledge (Panadero, 2017). Such a con-
struct could ameliorate students' use of the elaboration strategy with
the aim to achieve a more efficient or intelligent code.

In addition, DSLab should certainly improve more the use of the
organizational cognitive strategies. For most students it was easy to
organize several pieces of information coming from different sources
(such as course material, previous courses, DSLab feedback) in a
meaningful manner so that to carry out the assignment (Bannert &
Reimann, 2012; Pedrosa et al., 2016). However, DSLab feedback has
not sufficiently contributed to foster the use of organizational strate-
gies. These strategies can be a crucial SRL support to students, if they
are capacitated to extract or outline the most useful information from
the tool feedback so that to perform the programming assignment
better (Biesinger & Crippen, 2010; Wischle et al., 2014).

Regarding metacognitive strategy use, comprehension monitoring
through self-questioning and learning modification or regulation
through re-reading were two strategies that DSLab managed to facili-
tate to most students. Both items constitute important metacognitive
strategies that help students monitor their learning (Isaacson &
Fujita, 2006; Weinstein et al., 2000) as well as achieve good perfor-
mance in computer programming (Alhazbi & Hassan, 2013; Bergin
et al., 2005). Yet, a significant number of students found that DSLab
notion of correctness was too strict. This fact impeded most students
to plan their learning differently (e.g., think of and test alternative solu-
tions), which makes the system being less flexible in accepting differ-
ent programming code variations as correct. Despite this, by
encouraging students' self-questioning and re-reading, DSLab feed-
back helped them be aware of SRL and metacognitive strategy use
which, in turn, allowed them to achieve more efficient code. This find-
ing is consistent with research which showed that students face diffi-
culties in computer science education when they are not aware of
SRL and metacognitive strategy use, so fostering them is important
(Alharbi et al., 2012), whereas the use of feedback can be effective in
supporting self-monitoring while performing problem-solving tasks
(El Saadawi et al., 2010; Kramarski & Gutman, 2006; Lai et al., 2018).

Finally, DSLab makes an important contribution to the literature
by providing an environment that clearly fosters critical thinking strat-
egies, such as apply prior knowledge to new situations, or analyse and
evaluate information in a thoughtful manner by means of the tool feed-
back. In contrast, the few studies that dealt with critical thinking strat-
egies used other means such as critical thinking prompts in an implicit
manner as reflection prompts (Ifenthaler, 2012) or as self-monitoring
prompts combined with note-taking (Kauffman et al., 2011) to support
self-monitoring and self-evaluation. Furthermore, social regulation
strategies may be used to achieve more positive learning behaviours
and indirectly enhance student higher order thinking (Hwang
etal, 2021).

Most relevant to the above issues is the interplay between stu-
dents' cognitive, metacognitive and critical thinking strategy use. That
is, whether students' cognitive strategy use may have any correlation
with their metacognitive and critical thinking strategy use. In addition,

the relationship between metacognitive and critical thinking strategies
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is discussed. Both issues have not being previously discussed in the
context of web-based automated assessment tools for programming
learning.

Alexander et al. (2004) found that when students’ progress
toward higher levels of expertise and more complex tasks (such as
the ones they have performed in our study), they need greater meta-
cognitive monitoring and control. They also report that students
who employ cognitive strategies more effectively, their activity will
be connected with a related increase in metacognitive strategy use
as well.

In the context of our DSLab tool, the Pearson correlations of
Table 6 show that rehearsal strategies, like retrying, had a positive
influence on metacognitive and critical thinking strategies that were
related with the use of the tool feedback. That is, the students'
repeated use of the tool and its feedback contributed to the use of
specific metacognitive and critical thinking strategies.

Elaboration strategies that students used to analyse the tool feed-
back had a significant effect on critical thinking strategies and less
influence on metacognitive strategies. This helped a large number of
students (more than 60%) make the best of the tool feedback facility.
Finally, students who employed organizational strategies were allowed
to manage both their critical thinking and metacognitive strategies
more efficiently.

The fact that students' cognitive strategies use had a rather
positive correlation with their metacognitive and critical thinking
strategy use is in line with previous research efforts which con-
clude that an effective use of cognitive strategies should be
accompanied by a tendency toward metacognitive strategy use as
well (Alexander et al., 2004; Dinsmore & Zoellner, 2018). Yet, few
studies have analysed the relationship between cognitive strate-
gies and metacognitive and critical thinking strategy use. For
instance, the study of Kasimi (2012) revealed a significant correla-
tion between students' use of cognitive and metacognitive reading
strategies. Most studies examined this relationship toward other
variables that this relationship affects, such as learning outcomes,
learning styles, students' behaviour, etc. For instance, Saeedzadeh
et al. (2018) showed that there is a significant relationship
between cognitive and metacognitive strategy with the students'
academic achievement.

Finally, previous research has explained the connection of meta-
cognition and critical thinking and the ways metacognitive self-
regulatory strategies were positively related to critical thinking
(Garcia & Pintrich, 1992; Halpern, 1998; Ku & Ho, 2014; Kuhn &
Dean, 2004; Magno, 2010). However, in our study, the Pearson corre-
lations of Table 7 show that the metacognitive strategies that stu-
dents used in the context of DSLab tool had no significant effect on
students' critical thinking strategy use. The only significant correlation
was the critical use of feedback information together with previous
knowledge to carry out the assignment. Consequently, more effective
metacognitive strategies are needed to increase students' meta-
cognitive awareness and skills which, in turn, will enable higher
improvement on students' critical thinking strategy use and skills
(Cakici, 2018; Naimnule & Corebima, 2018).
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6 | CONCLUSION AND LIMITATIONS

This work analysed the extent to which an online Distributed Systems
Laboratory (DSLab) facilitated students' cognitive, metacognitive and
critical thinking strategy use. Our results showed that when students
upload, execute and assess their programming assignments in the dis-

tributed environment of DSLab, they perceive that:

1. DSLab allows them to use cognitive and meta-cognitive strategies
to a certain extent and critical thinking strategy to a fairly large
extent. In particular, feedback has been the tool facility that was
mostly associated with the cognitive, metacognitive, and critical
thinking strategies use. The rehearsal cognitive strategy was
broadly used. The tool feedback prompted the use of elaboration
strategies but has not fostered students' organizational strategies
use. Here, a self-regulated inquiry approach (Lai et al., 2018) may
be used to assist students in organizing information, coming from
different sources (course material, previous courses, DSLab feed-
back, etc.), in a meaningful manner. Moreover, cognitive regula-
tions applied in different groups can reduce tensions and enhance
engagement, thus achieving effective collaborative learning (Zheng
et al., 2020). Feedback also supported the use of metacognitive
strategies (monitoring students' comprehension, and regulating or
changing students' learning). In addition, critical thinking strategies
(such as apply prior knowledge to new situations, or analyse and
evaluate information in a thoughtful manner) were supported to a
fairly large extent.

2. Regarding the interplay between students' cognitive, meta-
cognitive, and critical thinking strategy use, in the context of our
DSLab tool, cognitive strategies use had a positive correlation with
students' metacognitive and critical thinking strategy use in many
aspects. Instead, metacognitive strategies use had no significant
effect on students' critical thinking. Here, since students may work
in small groups to carry out their assignment, the social regulation-
based online learning approach (Hwang et al., 2021) may be used
for assisting students in achieving their learning goals with peers'
power. The use of this approach can stimulate students to have
more positive learning behaviours and enhanced learning motiva-
tion, which can lead them to achieve better connection between
their cognitive strategies and their metacognitive and critical think-

ing strategy use.

Limitations of the current work reveal the need for future research.
First, the current research constitutes the first step in analysing stu-
dents' cognitive, metacognitive and critical thinking strategy use in an
authentic, long-term learning situation in a systematic way. Certainly,
more experimental studies, which may include a control group or a
pre/post design to provide comparisons, are needed to confirm, better
these findings further. Second, in
Pintrich's (2004) work on the MSLQ, the scales of rehearsal, elaboration,

and organization reflect the use of basic cognitive and learning strate-

understand and extend

gies to carry out a programming assignment and thus constitute basic

indicators of cognitive regulation by students. Thus, further work is
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needed to study more complex rehearsal, elaboration, and organizational
strategies as well as other indicators (such as forethought or reaction
activities that students might use when coping with programming
assignments) in more depth. Third, another important area of regulation
that Pintrich distinguished has been behaviour. So the next step of our
work is to explore students' self-regulation of behaviour (effort manage-
ment, time management and help-seeking). Fourth, another important
issue that we did not deal with in this work is context and its regulation.
Regulating context implies attempts to control and regulate the tasks
and learning environment context in order to enhance students' task
and goal accomplishment (Corno, 1986; Kuhl, 1984; Pintrich, 2004). Our
online environment follows a student-centered approach where stu-
dents are responsible of uploading and evaluating their programming
assignments in DSLab, so they actually take the control and regulation
of their tasks, whereas they also have to decide whether they will per-
form the tasks individually or they will form a group and elaborate the
tasks collaboratively in pairs. Consequently, students should be able to
manage the climate and structure of their environment. As
Zimmerman (2008) argues, when students need to achieve an efficient
working environment, especially when they have to collaborate and
interact with their peers at a stable base, they use specific monitoring
methods that support collaborative learning through self-regulation, co-
regulation, or socially shared regulation (Hadwin et al., 2011). Fifth,
another important issue is regulation of motivation and affect, which
includes attempts to control self-efficacy, affect and emotions through
the use of various strategies (Panadero, 2017; Pintrich, 2004). Finally, an
important area of research is the study of strategies to engage students
in interacting and learning with DSLab platform more effectively. Indeed,
high procrastinators are less successful online learners than low procras-
tinators (Michinov et al., 2011). Our ongoing work is exploring this issue
further (Marques, Calvet, Arguedas, Daradoumis & Mor, 2021).
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