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Abstract

To investigate the strategies and approaches in
teaching Computer Science (CS), we searched the
literature reviews in CS education in the past ten
years. The reviews show that learning-by-teaching
with the use of technologies helps improve student
learning. To further investigate the strategies applied
to learning-by-teaching, three categories are
identified: peer tutoring, game-based flipped
classroom, and teachable agents. For each category,
we further searched and investigated prior studies.
The results reveal the effectiveness and challenges of
each strategy and provide insights for future studies.

1. Introduction

STEM education, as suggested by Rodger W.
Bybee in his book “The Case for STEM Education:
Challenges and Opportunities”, should contribute to a
STEM-literate society, a general workforce with 21st-
century competencies, and advanced research and
development workforce focused on innovation [1].
The National Science Teaching Association (NSTA),
in a recent Position Statement released in February
2020, emphasized that “STEM is not a curriculum, but
rather a way of organizing and delivering instruction”
and “helping learners apply their knowledge and
skills, collaborate with their peers, and understand the
relevance of what they are learning” [2].

In order to motivate learning and increase student
engagement and therefore improve learning outcomes,
educators have explored a wide range of
methodologies for classroom techniques. For example,
creating interactive learning environments, creatively
planning for direct instruction, involving student
activities, research-based methods, gamification, and
more, have been discussed over the decades [3].
Learning-by-teaching is one of the proven pedagogical
mechanisms that can be traced back to the 1970s [4].
Students are encouraged to comprehend materials to
be able to present in the classroom to peer students and
the instructor or teach others. Abundant studies
reported the effectiveness of learning-by-teaching
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practice in multiple disciplines. However, this
approach is not widely used compared to other
approaches, especially in CS education [5].

Since the approach has been evolved for more
than 50 years, we are interested in finding the current
practices and challenges of using it in CS education.
Specifically, as CS education embraces the fastest
pace of evolution, the pedagogy would benefit from
the use of cutting-edge technologies that enable
learning-by-teaching, such as game-based learning
environments, immersive virtual learning, and
artificial intelligence (AI).

In this study, we first reviewed the literature
reviews of learning-by-teaching in CS education. By
summarizing and synthesizing the trends and
challenges, we identified three categories that are
either commonly used or emerging. We then collected
individual studies for each category and investigated
the recent use or the progress of the methods. Our
focus was geared more toward the area of CS
education in the hope of helping CS educators achieve
teaching excellence. By discussing the current status
and challenges of the learning-by-teaching approach
applied in CS education, this research intends to
contribute insight and provide future directions to the
CS education community.

2. Overview of CS Teaching Approaches

Studies have shown that using learning-by-
teaching is effective in many aspects. Through
interaction and conflict, the approach can benefit both
the teacher and the learner on cognitive and social
abilities [5]. Several previous literature reviews have
investigated existing publications, either across all the
disciplines to report the general impact of the
pedagogical approach [6], or looking into one specific
domain [5, 7, 8, 9] or one specific model of the
approach [7, 8, 9].

Using emerging technologies with traditional
teaching approaches has been experimented with and
led to innovative instructional methods. For example,
the game-based learning environment has a positive
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effect on learners’ intrinsic motivation, cognitive
process, and academic achievements [10, 11, 12].
Artificial intelligence has made its way into online
learning to better identify whether an approach works
as designed, and whether students’ learning
performance has improved [13, 14]. Virtual immersive
learning environments have been utilized to help
encourage collaborative processes and enhance deep
learning [15, 16]. A few studies explored new
approaches and variations that fall under learning-by-
teaching [7, 8, 9], although they do not always claim it
as learning-by-teaching. These new approaches and
variations, if reviewed and categorized, will provide
more insights into the phenomenon.

This study started with reviewing the previous
literature reviews of Computer Science Education to
identify and categorize the most common teaching
approaches. We then examined and categorized the
individual studies that are making use of newly
evolved technologies. We hope that this study will be
able to provide a perspective on future research
directions for CS education.

3. Materials and Methods

3.1. Search strategy

The use of the acronym learning-by-teaching was
first mentioned in the 1970s, and systematically
developed in the 1980s, mainly for language learning
back then [4], and then in the STEM field in 2006 [17].
Schulte et al. [17] investigated CS education and
revealed that the evolution of technology had affected
CS education in many different ways, such as the
development of learning materials, class activities, and
the tools being used in school [18]. To find out new
approaches and studies based on technologies since
then, we searched Google Scholar, IEEE Xplore,
ACM Digital Library, Scopus (Sage, Springer,
Science Direct), PubMed, Taylor & Francis, and Web
of Science for publications between the year of 2010-
2021. The chosen databases are commonly used in
Computer Science education and STEM education.
The key search term was “learning-by-teaching” and
“review”. The references in the included articles were
also screened for additional qualified studies.

3.2. Eligibility criteria

Instructional strategies are often intertwined and
mixed with each other. For example, depending on
how it is implemented, learning-by-teaching is often
considered a type of collaborative learning. Although
popular collaborative learning methods, such as peer

review and team-based learning, may share similar
characteristics with certain teaching-by-learning
implementations, they cannot be categorized as
learning-by-teaching methods due to the fact that they
do not explicitly assign students the role of “teacher”
or “tutor”, or clearly involve them in teaching. With
this in mind, we used the following inclusion criteria
for the review articles in learning-by-teaching:

e Available in full text
Written in English
Journal or Conference papers
Related to STEM or CS education
Papers reviewing learning-by-teaching as an
instructional method

4. Review of Reviews

By using the keywords “Reviews” and “Computer
Science Education” and the time period from 2010 to
2021 in Google Scholar search, 45 papers were
returned. The purpose of this search is to find out the
common teaching approaches and strategies in CS
education, to be the starting point for further
investigation.

—
Records of reviews identified
(n = 45) Records removed:
'(E) Duplicate records removed (3)
©
'x ‘
; Full paper retrieved
2 (n=42) Reports excluded:
g Not CS teaching strategies(4)
B 3 Other topic (3)
E Full review papers included in
review (n = 35)
-
—
Search for peer Search for flipped Search for teachable
tutoring classroom & game agents
P Records (n = 25) Records (n = 12) Records (n = 20)
g 7 7 7
2 Reports removed Reports removed Reports removed
= Not English 1 Not English (1) Not English (1)
& Not using PT as a Not CS (3) Not STEM (3)
= teaching method Not game-related (1) Duplicated (2)
- (15) Not peer-review (2) Not peer-review (2)
o
@
w ] i i
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Figure 1. Search flow process

The examination of the papers’ titles and abstracts
reveals the most common themes as “peer tutoring”,
“flipped classroom”, “game-based”, and “teachable
agents”. Peer tutoring approaches show a positive
impact on the learning of both tutor and tutee(s)
through bonding and supportive relationships, team
spirit, social competence, self-esteem, communication
skills, higher achievement, and better productivity.

Flipped classrooms have been widely
experimented in secondary and post-secondary
teaching institutions as it applies to learning and
retention. The applied learning strategies in learning-
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by-doing suit introductory courses in computer
programming. The approach improves student
learning while it may overwhelm students at times.

When it comes to the game-based approach in
teaching programming, findings show that educational
games add context and fun to learning. Students can
relate the elements in games to programming
constructs which are usually difficult for students to
grasp. Animated game scenarios provide context and
stimulate students for high levels of engagement.

The last common keyword, Teachable Agents, is
a learning technology that can provide feedback to
students and help students learn by using explicit
visual representations and environments that support
teaching interactions.

5. Further Review of the CS Education
Approaches

To further investigate the improvement and new
trends in CS education, we decided to extend the
review to dig deeper into the three identified methods:
flipped classroom, peer-tutoring, and teachable agents.
Since CS is tightly connected to the digitalized world,
incorporating the traditional learning-by-teaching
method with computer-aided agents is worth
exploring.

5.1 Peer tutoring (PT)

For the peer tutoring method, we searched the
same databases and applied the same search strategies
as we did for “learning-by-teaching”. The
combinations of the keywords we used for peer
tutoring articles can be described as:

(“peer tutoring” OR “peer teaching””) AND
(“computer science” OR “programming”)

There are multiple definitions of peer tutoring. To
keep in line with the theme of our paper — learning-by-
teaching, we adopted the definition by [19] that peer
tutoring is an instructional method in which one
student tutors another student in the same classroom.

Although the search results for peer tutoring are
abundant, the majority of them are related to peer
tutoring as a support program, particularly in the field
of CS education. In these studies, advanced-level
students are hired or incentivized to provide tutoring
to lower-level students. The peer tutors in this case are
not students who are taking the same classes as the
tutees. The intention of these peer tutoring programs is
to provide general support to a computer science
program, or even to an entire college for the purpose
of increasing student retention [20, 21,22, 23, 24]. The

peer tutors are not evaluated for their learning
performance in a particular subject as the result of
being tutors, which in essence, do not conform to
learning-by-teaching. In fact, the role of these “peer
tutors” is plain “tutors” as they are peers with the
tutees in the same course, program, or college.

Since the focus of our review is learning-by-
teaching as an instructional method, we eliminated
those articles that only use peer tutoring as a support
program, and only kept those that implemented peer
tutoring or peer teaching in the classroom as a teaching
strategy. With this criterion in place, the final total
number of articles we selected was reduced to 9, all of
which are in higher education settings. Table 1
summarizes the articles selected. Among the articles
selected for peer tutoring, 4 of them are peer-reviewed
conference papers and 5 of them are peer-reviewed
journal papers. As shown in Figure 2, programming is
the most popular subject taught using peer tutoring.
Other subjects taught in the studies include computer
fundamentals, Linux administration, web
development, and digital forensics.

Web Development
Linux Administration
Discrete Structure
Digital Forensics
Computer...
Programming

o

2 4 6

Figure 2. Subjects taught in peer tutoring
articles

In regards to research methodology, as shown in
Figure 3, four out of the nine papers selected adopted
the quasi-experimental design for quantitative
research [25, 26, 27, 28]. In these studies, one class
was assigned to be the experimental group using peer-
tutoring or peer tutoring for teaching, while another
class was used as the control group. In general, the
studies agreed that peer tutoring has a positive effect
on students’ attitudes and confidence [25, 27, 28],
while [26] did not specifically study students’ attitudes
and confidence. Three out of the four showed
statistical significance in the effect or correlation
between peer tutoring and academic performance [25,
26, 28]. The perception of the positive effect of peer
tutoring on students’ attitude and confidence is further
confirmed by other studies using mixed methods [29,
30], convenience sampling [31], and experience
reports [32, 33].

It is also worth mentioning that three of the studies
also involved external tutors to support student
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learning. Both studies from Luca and Clarkson [29]
and Govan [33] utilized the tutoring service provided
by their programs. Whereas Emurian, et al. [31]
utilized an automated computer tutoring program
alongside the peer tutoring technique in the classroom.

Conv. Samp. M 1
Quasi-Exp. I 4
Mixed N 2
Exp.Rep. I 2
0 2 4 6

Figure 3. Research methodologies used in
peer tutoring articles

5.2 Game-based flipped classroom (FC)

For the flipped classroom method, the typical
application in CS education is investigated in the
reviews that we identified and summarized in the
previous section. With the effort of finding
improvements combining with innovative
technologies, a review article [34] examined the
studies that use game-based learning in a flipped
classroom involving multiple subjects. The paper
concluded that game-based learning combined with
flipped classroom could increase student engagement
and motivation.

The combinations of the keywords we used for
searching game-based flipped classroom articles can
be described as:

(“flipped classroom”) AND (“game”) AND
(“computer science” OR “programming” or “CS
education”)

From the same databases mentioned earlier, nine
records were found. After eliminating the ones that are
not in English, not related to CS education, or not peer-
reviewed, five articles were identified in this category.
Table 2 summarizes the approaches and study
outcomes reported in these papers.

Four of the five studies conducted empirical
studies in the higher education settings to test the
effectiveness of incorporating game-based learning
environments [35, 36, 37, 38] in CS education. The
fifth study was conducted across multiple European
countries with college, middle school, and high school
students on various subjects [39].

All the four empirical studies mentioned above
reported positive results on perception of learning;
namely, students increased motivation and satisfaction
with the class activities. Three of the studies observed

higher performance in the test [35, 36, 37]. Some
studies chose existing online game-based platforms
such as Kahoot! [36, 37] and Moodle [37], and some
chose to create their own game application [35, 38,
39]. The common challenge for a game-based learning
environment is the learning curve for students to learn
the interfaces; either it is an existing one, or it is the
plan to create a new one. However, this obstacle is
relatively easy to overcome when applying in CS
education, since students in the CS-related majors are
experienced in overcoming the challenges of learning
new software and technologies.

5.3 Teachable agent (TA)

The teachable agent method is a relatively new
approach. There are not many studies that have been
conducted in CS education. No reviews have been
found in this category. The method is promising as the
National Science Foundation has funded several grant
proposals of this type. Therefore, we extended the
search to “STEM education”. The combinations of the
keywords we used for searching game-based flipped
classroom articles can be described as:

(“teachable agent” OR “teachable agents”) AND
(“game”) AND (“STEM”)

From the same databases, 16 records were found.
After eliminating the ones that are not in English, not
related to STEM education, nor published in peer-
reviewed conferences or journals, 11 articles were
identified for this category. Table 3 summarizes their
approaches and study outcomes. Three studies
targeted math, four targeted science (mainly biology),
one was on general STEM subjects, and one was
related to healthcare, as shown in Figure 4. All the
studies identified in this method targeted young kids,
from preschool to K-12. The application of teaching
agents for higher education needs to be explored for
future studies.

0 2 4 6
Mathematics |G
Science NG
Engineering
Other GG

Figure 4. Subjects taught in teachable agent
articles

Among the 11 selected articles, ten used 2D or 3D

software virtual agents, while two used tangible agents

[40, 41]. Muldner, K. et al. [40] combined a projector
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and two mobile devices to form a tangible agent with
which students can touch and move to interact. Werfel
K. et al. [41] proposed an Al robot to facilitate the
teaching process. Compared to software-only 2D
avatar teaching agents (Tas), the tangible TAs or robot
TAs provide immersive reality interactions that can
fully promote motivation and increase knowledge
retention. The study conducted by Ternblad, E. et al.
[42] focused on the misbehavior of children who try to
manipulate the TA for the purposes that are not as
designed. The result pointed out that although the
behavior to outsmart and exploit the TA exists, it is
very rare that the misbehavior could harm the entire
learning process. Instructors may consider making
certain adjustments to decrease this kind of behavior if
being detected. The other 11 studies made an effort in
the cognitive aspect of the TA, by adding affective or
adaptive machine learning or Al features. The results
show that interactive TA with intrinsic motivation [43,
44] can motivate students more. Introducing
competition where the TAs trained by the students are
battling in pairs on solving problems can also increase
motivation. Furthermore, Subagdja B. et al. [45]
explored the feasibility of using a single TA or
multiple TAs at a group level.

6. Discussion

As highlighted by existing literature, learning-by-
teaching is an undervalued and underused
instructional strategy that has been demonstrated
effective in various subject domains such as
engineering, pre-service teacher education, and
mathematics [5, 46, 47]. In this paper, we focus on
three specific instructional methods under the
umbrella of learning-by-teaching; namely, game-
based flipped classroom, peer-tutoring, and teachable
agents. We also investigated their effectiveness in the
domain of CS education.

As evidenced in the literature collected and
analyzed in this paper, peer tutoring, flipped
classrooms, and teachable agents are effective
methods in teaching computer science-related
subjects.

Among the three approaches, the flipped
classroom has seen growing popularity in the past
decade, as shown by the number of literature reviews
and research articles that we found on the subject.
However, compared to other popular pedagogical
approaches, there is still a growing space for the
flipped classroom in CS education, such as making full
use of emerging technologies that CS students are
learning to use or develop. Combining a game-based
learning environment can be very promising, with the
careful design of the materials to avoid the interface

learning curves as well as the unintended manipulation
of game behavior.

Despite its long-existing history and proven
effectiveness, peer tutoring has some challenges in CS
education. One common challenge is the use of peer
tutoring at the program- or college-level due to the
high drop-out rates in the CS courses [20, 21, 22, 23,
24]. Furthermore, peer tutoring in the classroom takes
additional effort in planning and classroom
management, which may also contribute to the low
adoption rate.

Teachable agents, when compared to the other
methods, are still in their infancy. However, with the
increasing adoption of online learning and the
advanced development in Al and its implementation in
learning environments, teachable agents have a great
potential for more adoption, particularly in CS
education, such as teaching different programming
languages. The effectiveness of using teachable agents
in higher education is yet to be explored. Students can
be guided to design their own teachable agent
applications or program Al for robot teachable agents.

7. Conclusion and Future Work

In this paper, the reviews about learning-by-
teaching methodologies in CS education in the past ten
years have been studied. The outcomes and challenges
of the approaches were synthesized and summarized.
Three specific categories have been identified: game-
based flipped classroom, peer-tutoring, and teachable
agents. We then extended the review to explore
individual studies that fall into the three categories.

Modern tools such as game-based learning and Al
assistance pointed out directions for future studies that
use learning-by-teaching in CS education. The U.S.
Congress passed the STEM Education Act of 2015,
which officially made computer science part of
STEM, and set computer science for underserved
populations as “Absolute Priority 3” [48]. While a lot
has progressed since then, including helping the public
understand why CS education is relevant and
necessary, and realize many accessible tools to teach
programming available, there are still challenges,
including building a pipeline of teachers who can meet
the rising demand for CS in public schools, and
making access to CS learning truly equitable in terms
of gender, race, and ethnicity [49].
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Table 1. Selected articles for peer tutoring

Reference Pub Type Subjects Methodology Ext. Tutor Participants | Outcomes

[27] Conference Programming Quasi-Experimental n=33 Not statistically significant. However, peer tutoring has

shown a positive effect on student confidence.

[28] Conference Programming Quasi-Experimental n=42 Peer tutoring had a positive effect on confidence and

performance.

[25] Journal Computer Quasi-Experimental n=107 Reciprocal Peer Tutoring (RPT) is more effective than

Fundamentals direct learning in improving student's learning
achievement.

[32] Conference Linux Experience Report N/A Peer tutoring encourages active learning. However, the

Administration instructor has to monitor and correct the misinformation
being shared if necessary.

[31] Journal Programming Convenience Yes n=34 Students had positive ratings of the effectiveness of both

Sampling the computer tutor program and the collaborative peer
tutoring.

[29] Conference Web development Mixed method Yes n=110 Strong positive feedback from tutors and high satisfaction

with the courses.

[33] Journal Digital Forensics Experience Report Yes N/A Students perceived the peer tutoring activities to be an

effective way to develop greater comprehension of the
material. They also enhanced their levels of confidence in
their own understanding through teaching.

[26] Journal Discrete Structures | Quasi-Experimental n=60 Students exposed to peer tutoring had significantly higher

achievements than those in conventional teaching.

[30] Journal Programming Mixed method The peer instruction method increases students' self-

n=72 efficacy more than the traditional teaching method.
Table 2. Selected articles for flipped classroom

Reference Platform Methods Subject Features Study Design Outcomes

[35] WebGL, FC with problem-based Programming | Problem-based Two groups in a 7-week course; The focus group achieved
Unity learning, for motivation and focus group with game-based FC, autonomy in online

performance. and the control group with video- homework outside of class,
based learning; Questionnaires and spent more time thinking of
interviews. questions for discussion in
class, scored higher in the
test.

[38] design Applied all principles of FC and | Software Structural software | A case study of 4 weeks with 42 The three patterns of game
pattern CBL. design design patterns, undergraduate students; No focus vs | requirements (Strategy,
framework challenge-based control group; Self-evaluation State, and Observer) had

learning survey. good perceptions of learning




[36] Kahoot! Incorporated a gamified student | Object- Gamified student A semester-long case study with 25 | The students reached a
response system with FC. oriented response system students; Nine quizzes consisting of | higher learning effect and
design 227 questions; six surveys; final motivation, would like more
course feedback. face-to-face lessons, overall
satisfied
[37] Moodle, Gamification supported FC Project Gamification- A case study of 35 CS students Most teacher candidates
Kahoot during the coding period; development | supported flipped participated during a 14-week were satisfied with the
competition and cooperation to classroom course; pre-test and post-test, videos | activities; all increased
improve opinions and attitudes. with quizzes. motivation and in-class
competition.

[39] multiple By investigating educators with | Multiple Adaptive game- Surveyed five educators from Tested in limited trials with
platform systematic survey questions, the | subjects based learning different schools teaching different the same participants as the
and study designed a game model subjects with game-based FC partners. The result was
applications | for their own application. experience; an adaptive game-based | positive that a fully adaptive

learning environment was designed. | gaming experience is
needed.
Table 3. Selected articles for Teachable Agents

Reference | Methods Agent type Subjects Study design Outcomes Notes

[50] Teachers design learning goals affective Transport in | Small scale testing and interview The problems are focused on | The agent acts as a
and learning content; game TA plants in on the three populations for the tradeoff between the learning companion
developers develop the game; the secondary evaluation, no statistical flexibility of user control and | for students, while
students use the system to learn. science significance analysis the constraints from built-in | acting as an
The design and development curriculum system settings. authoring tool for
iterate during the life cycle of the teachers to design
educational game. teaching materials

[51] Used a set of three design Betty’s Hierarchical | 2-year research using Betty’s Brain | TAs provided a way for The agent acts as a

principles to guide development; | Brain reasoning in | with 153 fourth graders (9-10 year- | students to organize the facts | learning companion
The TAs are intended to biology for | old children) in their regular they learned from the for students, while
improve students’ abilities to young science classrooms science kit, which had a acting as an

reason in specific ways, causally children leveraging effect on how authoring tool for
or inductively. much they learned. teachers to design

[40] The system uses a projector to adaptive Geometry A pilot study with 4 K-12 students. | Students enjoyed the physical interaction:

display the problem space, a tangible They took a survey, taught TA embodied nature of the TA move, twist, slide.
pendaphone to capture the how to solve geometry problems, system, but tangible nature
position of the hanging pointer discussed the experience. and technologies interfere
(tangible interface), and an iPod with learning new concepts
touch interface. which reduced the learning
outcome.
[41] A new research direction Al robots General Scenarios and challenges, no study | N/A N/A
exploring robots as TA. education




[43] A psychological need modeling TA with science: the | Field study in middle schoolers. Students in the treatment
approach to enhance the intrinsic transport in | The treatment group of 14 students | group statistically completed
dynamic interactions of TAs motivation living things | used TA w/ intrinsic need model more tasks, obtained better
with intrinsic motivations ina3D the control group of 11 students results of learning efficiency

virtual used TA w/ out intrinsic need and higher scores than the
environment model. control group.

[45] A framework of smart building interactive healthcare case study on two different Teaching can be conducted
blocks for multiagent systems. cognitive domains: developing autonomous within a single agent and at a

TA NPCs that roam and interact with group level to learn
user avatars, and several agents act | interdependencies among
as in-house caregivers. different agents in the group.

[52] A symbol manipulation method interactive K-12 math No empirical study. The N/A
following design conditions. It TA development of the system was
consists of three parts: teaching, described.
recognition, and test modules.

[42] The presence of behavioral The misuse | preschooler | A study involved 43 children; The | Unintentional use of the possible adjustments
patterns (exploit or outsmart the of TA math children played MG in 20-min game did occur, harmful to decrease gaming-
system) among preschoolers who sessions 2—3 times a week in five case was rare; unexpected like behavior or
use a teachable agent-based play- consecutive weeks. Behaviors awareness of what it means insufficient
&-learn game in early math. were identified and observed. to learn and to teach. skills/ poor learning

[53] The TA system incorporates goal- diffusion The treatment group of 12 students | The TA with intrinsic
intrinsic motivation in fulfilling oriented and | and osmosis | used TA through two 45 mins motivations had more
three perspectives of educational | motivated sessions. The control group of 12 initiative interactions with
requirements: Teachability, learned the same topic on standard | students, and the overall
practicability, affectability. classes within the same time. rating of preference was high

[54] Incorporated a "Game Show" online Algebra 141 students, 7 classes with class Motivations increased;
feature; online learning; students | SimStudent level randomization. Both teach equation solving proficiency
teach SimStudent, and then the SimStudent, focus group with the improved; no observed
trained SimStudent compete in goal of the highest rating, control improvement in conceptual
pairs by solving problems. group with the goal to pass the understanding

quiz.

[55] Teach animals in a virtual world, | Animal Mathematics | 2718 kids participated for 2 years. More than half had positive Competition was the
targeting children under age 12. class with and The evaluation phase had 3 tasks: learning outcomes, increased | reason to teach.

The game encourages reflective machine Geometry learning outcomes, user motivation. The presence of | Game is not
thinking and conceptual changes. | learning experience, social networking. the teacher is important. beneficial for all.
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