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Abstract—Although SMAC (Social, Mobile, Analytics, Cloud) allows peda-
gogical innovation due to its ability in expanding communication during the
learning process, its exploitation for programming learning has yet to occur.
Therefore, this study proposes a novel system architecture for a SMAC-based
programming learning tool designed to enhance programming students’ problem-
solving and collaborative skills. In evaluating the effectiveness of this architec-
ture, this study conducted multiple two-week controlled experiments involving
71 introductory programming students. The experiment involves administering
pre-and post-study surveys and tests to measure the enhancement in the two
skills. The overall findings of this study indicated a statistically significant im-
provement in both the student’s problem-solving ability and collaborative skills.
Most importantly, these findings suggest that the synergy of all four SMAC ele-
ments in a single programming learning tool has substantial benefits to program-
ming learning.

Keywords—SMAC (Social Mobile Analytics Cloud), programming, collabora-
tion, problem-solving, distant learning

1 Introduction

Studies have proven that students have difficulties learning computer programming
[1], often argued due to the lack of problem-solving ability among the students. Such a
lack makes them unable to think algorithmically [2], especially in solving programming
problems. However, this problem remains unresolved despite being researched in many
studies, suggesting its research immaturity. It is vital to handle this problem as it carries
several unintended negative impacts on students, such as losing motivation after repeat-
edly making mistakes in their programming activities [3]. Consequently, this problem
might increase the failure rate in programming courses.

Additionally, the current approach to teaching computer programming focuses too
much on teaching programming syntaxes and semantics rather than allowing the stu-
dents to develop their problem-solving skills [4]. Students have no trouble memorising
programming syntaxes and understanding their semantics [5]. However, they are often
unable to use their programming skills to plan and structure a solution to a programming
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problem. Hence, developing students’ problem-solving abilities is essential before
teaching them programming vocabulary [6].

Therefore, this study foresees the importance of the current teaching and learning
approach to innovating. For years, the programming learning domain has seen many
innovative learning tools to mitigate this problem. However, still, there is no silver bul-
let learning tool that could solve all issues related to problem-solving skills. A system-
atic literature review (SLR) by [7] provided an exciting discovery when no study tried
to adopt SMAC (Social, Mobile, Analytics, Cloud) into the programming domain, alt-
hough this concept is not new anymore. SMAC arose from the proliferation and ad-
vancement of four disruptive technologies: social media, analytical technologies, mo-
bile computing, and cloud computing [8]. This concept is often seen as a new pedagog-
ical innovation enabler due to its ability in expanding communication across class
boundaries [9], [10].

This study was conducted to extend the work of [7] by investigating the synergic
impacts of all four SMAC technologies on the programming learning domain. This ar-
ticle reports a novel system architecture for a SMAC-based programming learning tool
(SPLT) that combines features from varieties of provenly-effective state-of-the-art
learning tools related to SMAC. Most importantly, this study aims to evaluate the extent
to which SPLT enhances the problem-solving ability and collaborative skills of pro-
gramming students. To this end, a controlled experiment involving 71 participants was
conducted to answer the following research questions:

1. Does SPLT impact the problem-solving abilities of the participants?
2. Does SPLT impact the collaborative skills of the participants?

2 Literature reviews

2.1 SMAC elements in programming learning tools

SMAC technology is a key enabler for more innovative learning pedagogies [9], [10]
that extend learning and student-educator interactions beyond the class boundaries.
However, existing studies have yet to exploit the synergy of all four SMAC technolo-
gies (elements) for programming learning, as reported in [7]. Besides, [11] also urges
the need for more development of theories and models of SMAC-based pedagogy.

Moreover, [ 7] reported multiple roles of SMAC technologies in aiding programming
learning. For example, [7] discovered that social technologies are often used to enhance
in-class collaboration, and mobile technologies were often used to enable a mobile-
learning environment and for a development host. Additionally, analytical techniques
are increasingly applied in programming learning by analysing students’ behaviour dur-
ing programming activities or making early predictions through machine learning.
Meanwhile, existing studies used cloud technologies to establish a cloud-based pro-
gramming environment that allows students to perform programming activities on the
cloud.
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Although meta-analysis is not possible in [7] due to the heterogeneity of the included
papers, the study identified the benefits of using a programming learning tool that com-
bines SMAC technologies to enhance students’ performance. For instance, [12] com-
bined social and analytical technologies to develop a new collaborative programming
learning environment and effectively group students. Their study concluded that stu-
dents improved their motivation to learn, programming understanding and communi-
cation skills after using their system.

Meanwhile, [13], [14] examined the effects of using mobile devices and social net-
working sites in aiding programming learning and discovered positive enhancements
in students’ abstract thinking and students’ interactions.

The studies above demonstrate the benefits of combining SMAC technologies in
programming learning. Therefore, this study postulates that the synergy of all four
SMAC technologies would provide better outcomes for programming students. How-
ever, to the best of our knowledge and the findings in [7], there is no framework or
pedagogical model for exploiting such synergy.

2.2 Problem-solving skills

Problem-solving is a technique requiring the transfer, adaption, and application of
the knowledge they have learned to a new, unfamiliar situation [15]. Problem-solving
or critical thinking is essential regardless of whether education is online or physical
[16]. Problem-solving skills are an integral part of programming learning [18] and a
factor in excelling in the course [6]. A good problem-solver possesses two abilities:
first, they possess background programming knowledge learned through programming
exercises. Second, they can apply their background knowledge to a new programming
exercise. However, recent investigations have demonstrated that programming students
put less effort into developing their problem-solving skills [6].

Mhashi and Alakeel [5] claimed that students are often unable to use their program-
ming skills to plan and structure a solution to a programming problem. Researchers
concluded that mastering the syntaxes alone is insufficient without possessing good
problem-solving skills [2], [14], [17]-[20]. According to [22], developing problem-
solving skills is more important than learning multiple programming languages because
students’ inability to think algorithmically would restrict their knowledge transfer.
Hence, educators must cultivate the students’ problem-solving skills by focusing more
on improving their algorithmic thinking skills.

2.3 Collaborative skills

Collaboration is essential for ensuring impactful programming learning [22], [23].
Chorfi et al. [23] argued that learning programming collaboratively requires students to
work together, share skills, and learn from one another. These activities help them learn
programming better as they help build a stronger problem-solving ability [22]. How-
ever, students will not collaborate naturally in a group [24]. Hence, many studies have
provided various guidelines to foster student collaboration [25]. For example, [26] dis-
covered 19 collaborative resources from existing studies to foster student collaboration
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during programming learning. [7], [26] discovered the two most frequently used col-
laborative formats in programming learning: 1) pair programming and 2) group pro-
gramming (more than two students).

Pair programming pairs two students together while solving a programming problem
using one computer, and each student takes one role at a time, either as a driver or a
navigator [27]. Studies documented its effectiveness in improving students’ collabora-
tive skills [27]-[30]. However, existing studies usually focused on investigating the
impacts of in-class pair programming and lesser on distributed one [7].

Furthermore, communication is an essential aspect of successful collaborative learn-
ing [26]. A chatting tool is the most frequently used communication medium, as re-
ported in [26], making collaboration possible even with geographically distributed stu-
dents. For example, [23], [30] used a chatting tool to support synchronous collaboration
between programming students and reported a positive result. Additionally, using chat
tools in class encouraged students to communicate their thoughts and problems [12],
demonstrating the effectiveness of the chat system to increase collaboration regardless
of the students’ location.

3 SMAC-based programming learning tool architecture

Figure 1 shows the system architecture for SPLT, which serves as a blueprint for
elaborating the adoption of the four SMAC elements into the programming learning
environment. It specifies the functions of each SMAC element and how they should
work together to establish a functional SMAC-based learning environment. Besides,
the architecture describes the data generated by each SMAC element and how other
elements can use the data to benefit from the four SMAC elements’ synergy.
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The architecture holds four functional units, namely (1) Synchronous Collaborative
Unit, (2) Exercise Analysis Unit, (3) Portfolio Unit, and (4) Visualisation Unit. These
four functional units work together with twofold aims. Firstly, they aim to establish a
cloud-based, collaborative, and analytical-powered learning platform that allows geo-
graphically distributed programming students to learn computer programming together.
Secondly, they aim to enhance the students’ collaborative skills and problem-solving
ability by collaborating to solve programming exercises.

3.1 Synchronous collaborative unit

This functional unit combines three SMAC elements (social, mobile, analytics and
cloud elements) to create an online programming learning platform with synchronous
collaboration capabilities. This unit acts as a social media in this architecture to provide
a learning environment where programming students can exchange information [31]
and partner with other students in the system. In addition, this unit interacts the most
with the students because it provides all the features that help develop their problem-
solving ability and collaborative skills.

Studies indicate that pair programming is the most commonly used and provenly-
effective collaboration method [27], [30]. Thus, this study proposes the adoption of
distributed pair programming into the architecture so that the collaboration can go be-
yond the geographical boundary.
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The architecture proposes combining the benefits of social and cloud elements to
enable an online-based synchronous collaboration. One way is by establishing a syn-
chronous code playground (editor), shared in real-time and cloud-based. This social
platform allows distant students to collaborate and solve programming exercises while
developing their problem-solving skills. Students must be able to view the same editor
on their screens. Thus, its interface should be updated synchronously with each stu-
dent’s action.

Furthermore, students who communicate more during a collaborative activity pro-
duce better problem-solving outcomes. Besides, an interactive eLearning system could
motivate students to learn more [32]. An existing study showed that textual communi-
cation increases dialogue, interaction and is helpful for students in an online environ-
ment [33]. Thus, this study proposes embedding a synchronous chat tool in the archi-
tecture.

Meanwhile, a mobile learning environment is adapted to incorporate SMAC’s mo-
bile element. According to [34], ubiquitous and portability are two of the seven core
characteristics of a thriving mobile learning environment. Thus, SPLT must be a mobile
learning tool that adapts to various screen sizes. Such capability will expand the acces-
sibility of SPLT’s content to mobile devices, making learning ubiquitous.

3.2  Exercise analysis unit

This functional unit incorporates only the analytics element into the architecture by
holding two main components: (1) Accuracy Checker (AC) and (2) Feedback Generator
(FG). These two components perform the system’s analytical tasks, aiming to measure
students’ performance based on their activities in the system. This study proposes using
two outcome measures proposed by [35], namely “success on task’ and “time on task”.

There are three factors to determine success in performing a task [33]. The first factor
is determining the goal state (GS) that students must achieve to succeed in solving a
task. The GS in this study is students’ ability to submit a solution that satisfies a model
solution. Thus, SPLT must include a platform where educators can submit model solu-
tions for grading.

The second factor is defining a method to determine whether a student reaches a GS.
For example, a system could be programmed to automatically detect an event where a
student reaches a GS [33]. One method is to use an algorithm that compares a student’s
solution to a model solution and grades it accordingly.

The third factor is defining a method that unambiguously defines the GS and tells
students how to achieve the goal. For this factor, SPLT must clearly explain every pro-
gramming exercise. For instance, [6] provided textual instructions on their exercises
page telling students what they must do to succeed.

Meanwhile, measuring the “time on task” requires defining the starting and ending
points [33]. A timer can be embedded at the system backend to automatically detect
how long students take to solve an exercise and submit their solution.

The AC can perform the first two factors discussed above in the architecture. Fol-
lowing student submissions, the AC will send the calculated score and solving time to
the server for database storage. Then, sequentially, the AC will send the calculated
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score to the FG to generate feedback informing the students of their performance. This
study also suggests adopting the “formative assessment feedback” technique discussed
in [36] to generate the feedback. Formative assessment is a technique that provides
feedback to the students instantly as they complete a task to make appropriate adjust-
ments to their learning [37]. Instilling formative feedback in students’ daily learning
would entice them to learn more, manage it better, and overcome problems in learning
better [37].

3.3 Portfolio unit

This functional unit also incorporates only the analytics element into the architec-
ture, but it is responsible for classifying the students based on their performance over
time. All the data generated by the students in the system can be used to create a port-
folio system (PS). The PS would help educators identify at-risk students quickly and
effectively for responsive assistance. Studies have shown the importance of providing
immediate assistance [38]-[40].

Rahim et al. [7] identified ways to develop a PS. For instance, [41] used the data
collected after students used their online judge’s system in the first two weeks of the
course and concluded that predictive modelling was helpful for this purpose. However,
developing a significant prediction model depends on the quality and volume of the
data used. Besides, developing a good prediction model requires mastering different
skillsets [41].

Alternatively, the student-generated data in the Synchronous Collaborative Unit
(SCU) can be used to generate the PS. Thus, the Portfolio Unit can use students’ solu-
tion scores to calculate the average scores and use them to classify the students. This
study suggests using the classification strategy proposed in [43], as shown in Table 1.

Table 1. Malik and Coldwell-Neilson’s [43] classification of programming students based on
their average score

Average Score Range Classification Group
<50 Fail
50<64 Low-performing
65<84 Medium-performing
85<100 High-performing

3.4  Visualisation unit

This functional unit incorporates only the analytics element and holds three main
components: Dashboard System, Real-Monitoring System, and Chart Generator. These
components receive data from the Portfolio Unit (PU) and the Exercise Analysis Unit
(EAU) and visualise their analytical processes outputs into charts.

The Dashboard System possesses two main functions. First, the dashboard must in-
form students’ current performance by instilling formative assessment feedback tech-
niques [36]. Seanosky et al. [34] argued that learning progression charts help students
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improve their grades. Second, it must provide students with quick access to suitable
learning materials based on weak programming topics [44]. Also, future developers
could design the dashboard to show the learning progression charts as soon as students
log into SPLT.

Meanwhile, the Real-Time Monitoring System must support educators to identify at-
risk students instantly. One method involves displaying all students’ learning progres-
sion on a single dedicated page. Additionally, the system must also allow educators to
monitor students’ progress. These features will help educators keep track of students’
progression and provide necessary assistance quickly [45].

Finally, the Chart Generator is responsible for generating the analytical charts. This
component interacts with the PU to obtain the learning progress data and the EAU for
the students’ activities data. Most importantly, this study does not restrict the attributes
of each chart. For example, the chart can display the calculated score against the number
of attempts (score vs attempts) or display solving time against the number of attempts
(solving time vs attempts). We postulate that these two attributes will effectively pro-
vide formative assessment knowledge to the students.

4 Evaluation methodology

4.1 Participants

This study used convenience sampling to recruit 71 fundamental programming stu-
dents majoring in computing courses from five institutions in Brunei Darussalam. All
institutions provided their ethical clearance to experiment, and all participants provided
their consent. The participants’ average age was 21.6 years old, of which 42 (59.2%)
were males, and 29 (40.8%) were females. Regarding their programming background,
the participants have an average of 3.09 years of programming, enrolled in at least four
programming modules, and were involved in at least three programming projects in
groups. Furthermore, the programming modules in Brunei’s institutions include similar
programming topics in their fundamental programming modules, including arrays, it-
erations, and conditions. Hence, the participants had covered similar programming top-
ics regardless of their institutions.

4.2 Procedures

In this experiment, all participants were required to use SPLT and apply conven-
tional learning (CL) to avoid benefiting only one group of the participants. Therefore,
this study adopted an AB/BA crossover design with two periods and two sequences.
The first group used SPLT in the first period and CL in the second period, whereas the
second group used CL in the first period and SPLT in the second period. The experi-
ment was conducted online to simulate a true online learning environment. Each session
lasted three and a half hours, so the second period was conducted three days apart. A
priori, the carryover factor was considered in this study design as the participants might
carry over something from the first period.
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Before starting the experiment, the participants were briefed on the purpose, activi-
ties, and expected outcomes. Then, all participants signed a consent form and com-
pleted a pre-study survey online before being randomly allocated into two groups. The
pre-study survey aimed to gather participants’ programming backgrounds and per-
ceived collaborative skills. Meanwhile, the pre-study test measured the participants’
prior problem-solving skills.

All programming exercises used in this experiment was designed to develop the par-
ticipants’ problem-solving skill, especially in code debugging, tracing, logical thinking,
conditional, and iterations. During the experiment, those who used SPLT were given
access to the system so they could solve the exercises through the system. Additionally,
every two participants who used SPLT were paired based on their pre-study test scores
to see the impacts of homogenous pairing. Finally, all pairs used a chat tool to com-
municate during the experiment. In contrast, those who used CL were not allowed to
use SPLT to solve the programming problems, and they had to solve them individually.

In each period, participants from both groups were instructed to solve four program-
ming exercises using their respective techniques within the allotted time. A post-study-
test was administered at the end of each period. After the experiment ended, a post-
study survey was also administered to gather the participants’ perceptions of SPLT.

4.3 Instruments

SPLT proof-of-concept system. For evaluating the architecture, this study devel-
oped a proof-of-concept system of SPLT that simulates a cloud-based, analytically-
driven, and collaborative programming learning environment. This system supported
distributed pair programming by allowing two distant learners to view the same code
playground via a web browser (see Figure 2). A chat tool was also embedded to support
synchronous communication between the pairs. Furthermore, this study adopted a prob-
lem-solving development strategy proposed by [6], which allowed students to solve
programming exercises in three ways: (1) rearranging pseudocode in their correct se-
quence, (2) rearranging programming codes in their correct selquence, and (3) trans-
lating the pseudocode algorithm into programming codes of their preferred language.
We believe these three ways of programming learning will induce students’ motivation
and interest to learn programming, especially when [46] found a relation between task
attractiveness and the system’s perceived usefulness.

The system also logged students’ scores on every programming exercise they at-
tempted. These scores were coupled with exercise ID, time taken to solve the exercise,
and the number of actions done to solve the exercise. The data coupling helped the
system analyse students’ performance on specific programming topics and recom-
mended relevant exercises.
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Larger than Average

Question: Write a program to find the numbers that are greater than the average of all the numbers in an array.

Solution Step

Set an integer array called nums_arry that stores integer values (for e.q. nums_arry = {1, 4,17, 7, 25, 3,100)).
Set an integer variable called sum that stores a value of 0i.e. sum = 0.
Set a double variable called avg that stores the average of all elements in nums_arry ie. avg = value of sum / length of num SR

[In the first loop] Add each element of nums_arry to sum i.e. sum = sum + nums_arry[i] 2.setdouble
Create a loop (second laop) that runs from k = 0 until length of nums_arry. SOEImCETD

Create a loop (first loop) that runs from i = 0 until lengths of nums_arry. Tor (_Evaryone -

[In the second loop] Check if element of nums_arry at index k equals to avg.

[In the second loop] If element of nums_arry at index k is greater than avg, print this element.

Submit Solution
Fig. 2. Synchronous and collaborative code playground (adopted from [6])

The system also displayed relevant analytical outputs through multiple line charts
for allowing the students to grasp their learning progression. These charts utilised three
data generated by the students in the system: (1) score obtained, (2) time taken to solve
an exercise, and (3) the number of attempts the students made on a particular exercise.

Pair Performance Details

Pair ID 23
Partner EPO27
Paired Since 2021-06-15 06:10:52
Avg. Score Pseudo: 49.62

Code: 0,00
Attempted Exercises Pseudo: 11

Code: 0

Performance Chart

Score vs Attempts Solving Time vs Attempts
I Pseudo Scores [ Code Scores N Pseudo [ Code

100

8

50 o %
)

2 2 100
10 10 50

Fig. 3. Learning progression chart of paired partners

Collaborative skills measurement. This study adopted a 37-item collaborative
skills measurement survey by Tibi [47] to measure participants’ collaborative skills
enhancement. The survey used a five-point Likert scale with one indicating “strongly
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disagree”, and five indicating “strongly agree”. The survey measured five essential el-
ements of effective group collaboration: positive interdependence, individual account-
ability, promotive interaction, social skills, and group processing. The survey was ad-
ministered twice before and after the experiment to measure changes in the perceived
collaborative skills.

Problem-solving skills measurement. Participants’ problem-solving skills were
measured through pre-and post-study tests. The pre-study test was administered before
the experiment started, whereas the post-study test was administered after they com-
pleted all the exercises given during the experiment. Both tests consisted of five ques-
tions that the participants must solve in the allotted time. Additionally, a senior lecturer
from Universiti Teknologi Brunei validated the questions and the marking rubric for
the tests. Following the first grading, this study appointed a postgraduate student to
assess the scores again to avoid biased grading.

Participants SPLT perception measurement. The post-study survey included
three open-ended questions that gathered the participants’ perspectives on SPLT’s abil-
ity to develop their problem-solving and collaborative skills and its potential to be used
in programming lectures.

5 Results and discussions

This study used IBM SPSS to statistically analyse the differences in the problem-
solving and collaborative skills of the participants before and after the experiment. This
section discusses the results from all the statistical analyses conducted in this study.

5.1 Differences in problem-solving skills

A linear mixed model test was first conducted to detect any interaction between pe-
riod and sequence. The result demonstrated that the interaction between period (p =
0.537) and sequence (p = 0.933) were insignificant. Thus, we could safely conclude
that the difference in the effectiveness was not due to other variables than the techniques
used in the experiment (SPLT and CL). According to the result, SPLT was statistically
more effective than CL (F = 17.431, p < 0.01**). The participants’ mean scores after
using SPLT was 75.23%, while their mean scores after using CL was 61.18%.

Additionally, the post-study test scores in the first period were utilised to investigate
any significant improvements in the problem-solving skills from the pre-study test
scores. From the paired t-test conducted, both groups had better post-study test scores
after the first period. Those who used SPLT in the first period had statistically better
post-study score (M = 74.689, SD = 22.96) than their pre-test score (M = 48.63, SD =
15.95, #(35) = 9.609, p < 0.01**, d = 1.601). Similarly, those who used CL also had
statistically better post-study scores (M = 60.91, SD = 15.51) than their pre-study test
score (M = 48.64, SD = 15.95, #(34) = 4.532, p < 0.01**, d = 0.766). However, an
independent t-test on both post-study test scores revealed that participants who used
SPLT in the first period had statistically better mean scores than those who used CL (¢
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=2.953, p = 0.004, d = 0.701). So, these results interpreted that SPLT had a better
ability to improve the participants’ problem-solving skills.

Table 2. Results of paired t-test on problem-solving skills after the first period

Pre-test Post-test
N M SD M SD ¢
Group using SPLT 36 48.10 23.10 74.689 22.96 9.606%**
Group using CL 35 48.64 15.95 60.91 15.51 4.532%*

Note: ** p <0.01

A possible explanation for this result might be the pseudocode playground adapted
from [6], which effectively builds the participants’ algorithmic thinking skills. The par-
ticipants had to learn problem-solving by first identifying the input, process, and output
rather than directly coding the solution. Thus, this finding confirms the pseudocodes’
effectiveness to develop problem-solving skills, as claimed in [6].

Moreover, the feedback system might also play a vital role in the positive result.
According to [36], students have higher chances of getting good grades if they grasp
more knowledge about their learning. However, they discovered that not all students
were proactive in viewing their learning charts. Therefore, we took a proactive ap-
proach by designing the system to display the learning progression charts as soon as the
students logged in and completed an activity, either through recommendations or learn-
ing progression charts. The content analysis provided evidence that our proactive de-
sign assisted 22% of the participants (n = 8) who responded to the survey in under-
standing their progression and consequently helped them improve their problem-solv-
ing skills.

This study also supports the findings of [48], [49] on the effectiveness of homoge-
nously pairing students based on their programming ability. Our content analysis
showed that 11% of those who participated in the survey cited team effort as a factor
that influences their perception of the efficacy of SPLT in enhancing their problem-
solving ability. This finding demonstrates that randomly pairing the participants based
on their skills had no detrimental impact on their learning outcomes.

5.2 Differences in collaborative skills

This study conducted a paired samples t-test to distinguish the difference in the par-
ticipants’ perceived collaborative skills before and after using SPLT. The result demon-
strated a significant difference in mean perceived collaborative skills scores before (M
= 3.838, SD = 0.353) and after using SPLT (M = 4.068, SD = 0.360), t(70) = 5.816, p
<0.01**,d =0.6907, a = 0.05. The result concludes that there is an advantage in uti-
lising our system for enhancing the perceived collaborative skills of the participants.
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Table 3. Results of paired t-test on collaborative skills

Pre-test Post-test
M SD M SD
Collaborative skills enhancement 3.838 0.353 4.068 0.360 5.816%*
Note: ** p<0.01

t

We believe that the cloud-based and collaborative-enhancing features embedded in
SPLT positively impact the participants’ collaborative skills. The most prominent fea-
ture was the inclusion of functions that support distributed pair programming, which
was embedded to represent the social and cloud elements of SMAC. This feature allows
the participants to work collaboratively in developing their problem-solving skills [50],
where they were required to discuss the solution before submitting it for evaluation.

Consequently, this study indirectly compelled the pairs to interact by providing in-
struction and feedback, allowing two-sided communication. Rodriguez et al. [28] high-
lighted the importance of two-sided communication for ensuring a successful collabo-
ration. Additionally, pair programming appoints roles to the participants, which
changes after a while. These roles required both participants in a pair to continuously
monitor each other’s work and provide feedback, including gradually discussing their
group performance. As a result, the participants eventually developed their collabora-
tive skills through continuous feedback exchange [47].

Moreover, this study also scripted the participants’ collaborative activities [30], in-
cluding the period to change their roles. Thus, this finding confirms Tsompanoudi et
al.’s [30] conclusion that the application of collaboration script influences the success
of collaboration in distributed pair programming. Also, the positive result of this study
is consistent with prior research on the effectiveness of a chat tool in facilitating student
collaboration [12], [29], [30].

6 Conclusions and limitations

This study proposed a novel system architecture for a SMAC-based programming
learning tool (SPLT) that combines the state-of-the-art features identified in [7] to en-
hance students’ problem-solving and collaborative skills. This study developed a proof-
of-concept system from the architecture and experimented with 71 introductory pro-
gramming students from five different institutions in Brunei Darussalam with the tool.
The overall findings and analysis showed improvements in problem-solving and col-
laborative skills. These findings suggest that our approach is a promising, supplemen-
tary learning tool for programming students to develop these two skills. The findings
also indicate that the synergy of all four SMAC elements in a single programming
learning tool has substantial benefits to the programming students. Based on these find-
ings, we believe they would help respective educational sectors and future developers
comprehend how the SMAC concepts could be used in programming education to en-
rich students’ problem-solving and collaborative skills. Furthermore, the positive find-
ings might entice future developers to use the proposed architecture to develop a more
sophisticated and comprehensive SPLT.
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However, our current experiment design still has its limitations. Firstly, this study
only examined distributed pair programming to enable the social aspect of the system.
Future studies might extend the feature by allowing more than two programming stu-
dents to collaborate in the cloud-based system. Secondly, only a chat tool was used to
support the communication between the distant students. We recommend that future
studies examine how verbal or video communication could help improve collaboration.
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