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We can only see a short distance ahead,
but we can see plenty there that

needs to be done.
— ALAN TURING



ABSTRACT

SILVA JUNIOR, Braz Araujo da. GGasCT: Bringing Formal Methods to the Com-
putational Thinking. 2020. 164 f. Master Thesis (Master in Computer Science)
– Programa de Pós-Graduação em Computação, Centro de Desenvolvimento Tec-
nológico, Universidade Federal de Pelotas, Pelotas, 2020.

This work presents an alternative approach for developing computational think-
ing. Several definitions for computational thinking related terms are given in order
to undo the terminological issues the area admittedly has, each of those terms are
explored and clarified individually. The selection of the terms draws on a systematic
literature review that sheds a light on the most commonly addressed terms in the
computational thinking literature. A visual and formal language, the graph grammar,
is introduced, formally defined and presented as a proper approach for fostering
the computational thinking skills described in this thesis. Relations between the
formalism and the skills are discussed, an educational game and a game engine
are offered as examples of graph grammars being used in education, specially k-12.
To guide the development and application of those tools, education and educational
games theories such as theory of Flow and Bloom’s Taxonomy, and methodologies
such as the ENgAGED and MEEGA+ methods are used. As results a complete
and comprehensive framework for developing and assessing computational thinking
through graph grammars is theoretically grounded and has its practice exemplified by
experience reports of uses of the educational game.

Keywords: computational thinking; graph grammar; formal methods; education



RESUMO

SILVA JUNIOR, Braz Araujo da. GGasCT: Trazendo Métodos Formais para o
Pensamento Computacional. 2020. 164 f. Master Thesis (Master in Computer Sci-
ence) – Programa de Pós-Graduação em Computação, Centro de Desenvolvimento
Tecnológico, Universidade Federal de Pelotas, Pelotas, 2020.

Este trabalho apresenta uma abordagem alternativa para o desenvolvimento do
pensamento computacional. Diversas definições para termos relacionados ao pensa-
mento computacional são cunhadas para desfazer os problemas terminológicos que
a área confessamente possui, cada um destes termos são explorados e elucidados
individualmente. A seleção destes termos se apoia em uma revisão sistemática da
literatura que trás à tona os termos mais comumente utilizados na literatura sobre
pensamento computacional. Uma linguagem formal e visual, a gramática de grafos,
é introduzida, formalmente definida e apresentada como uma abordagem viável
para desenvolver as habilidades do pensamento computacional descritas nesta
dissertação. Relações entre o formalismo e as habilidades são discutidas, um jogo
educacional e um motor de jogos são oferecidos como exemplos de gramática de
grafos sendo usadas na educação, especialmente na educação básica. O desenvolvi-
mento e aplicação destas ferramentas são guiados por teorias da educação e de jogos
educacionais, como a teoria do Fluxo e a Taxonomia de Bloom, e por metodologias
como os métodos ENgAGED e MEEGA+. Como resultado, um framework completo
e compreensivo para desenvolver e avaliar pensaomento computacional utilizando
gramáticas de grafos é fundamentado teoricamente e é exemplificado na prática por
relatos de experiência de usos do jogo educacional.

Palavras-Chave: pensamento computacional; gramática de grafos; métodos formais;
educação
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1 INTRODUCTION

First words. Opening this work, this chapter is going to introduce the reader to the
problem, characterize and contextualize it, as well as our motivations and goals. Ad-
ditionally, we present information regarding the text itself, such as chapter distribution,
notation and special graphical features that will be used along the paper.

Text Organization. The first section is in charge of situating the reader with respect
to our research problem. The second section objectively states the goals of this work.
And the last section presents how the rest of the text is organized.

1.1 Problem statement

Target. This section is meant to expose the problem this work is going to address,
its context and relevance, as well as granting an overview of the current state of the
area. We are going to situate the context of this work, from where it comes from and
which circumstances made it necessary. We want to state here under which perspec-
tives our effort should be best viewed and where the main contributions goes to. At the
end of this section we expect the reader to understand what we are putting effort into
and why.

Digital society. Default to many Computer Science (CS) works, we start recalling
how much the latest technologies has drastically changed our everyday lives. The
society has became largely digital, app-driven, with humongous amounts of data being
aired across many different medias. The CS main object of study, computers and
computations, has become ubiquitous, it is everywhere, accessed by everyone. This
digital society has changed many things, including our life styles and we must respond
to these changes. Bringing it to the school, learning management should adapt to the
changing behavior of those new learners of a digital society (HUSSIN, 2018).

Four dot zero. One of the top trends nowadays is the so called Industry 4.0,
the fourth wave of technological advancement that considerably changes the industrial
environment. Industry 4.0 relies on nine pillars: big data and analytics; autonomous
robots; simulation; system integration; industrial Internet of Things (IoT); cybersecurity;
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cloud computing and storage; additive manufacturing; and augmented reality (RÜSS-
MANN et al., 2015). But technological advancement impacts are not restricted to the in-
dustry, summarizing HUSSIN (2018) and PUNCREOBUTR (2016) we trace back those
revolutions in economy: Economy 1.0 was steady and slow paced based on a mostly
agrarian society being provided with steam machines; Economy 2.0 boomed because
of mass production on the industrial era provided with electricity and oil; Economy
3.0 boiled changes due to a connected world on the globalization era provided with
easy communication and traveling through internet and airplanes; but Economy 4.0
has brought unprecedented changes on our digital era, rapidly turning obsolete well
established niches and popping out new ones provided with innovative technologies,
apps and start ups.

Education 4.0. As the economy responded to the industrial revolutions, so did the
education, adding to HUSSIN (2018) statements, we also trace back the education rev-
olutions: Education 1.0 in an agricultural society, followed a passive approach where
the teacher transferred its knowledge to the learners mostly through explanation only;
Education 2.0 in an industrial society, followed the mass production scheme consoli-
dating mass education following the analogy of learners as products, exams as quality
control, institutions as brands and certificates as warranty; Education 3.0 in a technol-
ogy society, followed an active approach through self learning supported by teaching
materials, digital media and social media, also featuring learners as content creators
rather than merely consumers; and Education 4.0 in a digital society of an innovative
era, following a highly connected community and rapidly changing technologies where
social and general purpose skills are the focus rather than specific knowledge.

Skills. Education 4.0 is related to “life skills” and innovative skills, along with the
so called 21st century skills, that includes concepts such as leadership, collaboration,
creativity, digital literacy, effective communication, emotional intelligence, entrepreneur-
ship, global citizenship, problem-solving and teamwork (HUSSIN, 2018). It is also re-
lated with ubiquitous education, personalized learning, student authorship, new forms
of assessment and the time for class instructors to consider integrating more current
technologies in their teaching methodology (PUNCREOBUTR, 2016). In the midst of
this educational revolution the term Computational Thinking (CT) arises conveniently
featuring general purpose skills and a CS foundation. WING (2008) described it as
“taking an approach to solving problems, designing systems and understanding hu-
man behaviour that draws on concepts fundamental to computing”, but its definition is
still target of many discussion in the literature as we will see further.

Computational Thinking. PAPERT (1980) is commonly credited as a precursor of
CT due to his work with teaching programming to children wherein it was already as-
sociated with developing cognitive skills that increased the students’ problem solving
abilities in many domains. Yet, it is only in 2006, after (WING, 2006) publishes a famous
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point of view, that the CT started to boom in the scientific community. Figure 1 shows
how publications and citations tracked by the Microsoft Academic search engine have
grown significantly since (WING, 2006), peaking 785 publications and 7,243 citations
in 2019. Beyond scientific papers, HEINTZ; MANNILA; FARNQVIST (2016) shows that
many countries have or are about to introduce computing in some form (including men-
tions to CT) into their national curricula, effectively bringing CS to the schools. There
are many approaches to CT, between them, it is being used to introduce CS into basic
education, commonly referred as k-12 (kindergarten to twelfth grade). Confronting CT
with Education 4.0, we recognize a relevance for CT not just from a CS point of view,
but also from an education point of view.

Figure 1 – Computational Thinking citations and publications in Microsoft Academic.
Source: Microsoft Academic, accessed 25 mar 2019.

Infancy. Despite CT having a significant number of publications and being already
making it into national curricula (HEINTZ; MANNILA; FARNQVIST, 2016), some CT
papers pointing out that CT is being “demystified” (SHUTE; SUN; ASBELL-CLARKE,
2017), is “still at its infancy” (LOCKWOOD; MOONEY, 2017), or just “leaving its infancy
and entering adulthood” (ROMÁN-GONZÁLEZ; MORENO-LEÓN; ROBLES, 2019).
Those expressions are used to refer that CT is still missing some important features.
DENNING (2017) discuss some of them, such as the definition of CT itself, the assess-
ment of CT and the transferability of CT skills.

Definition. Researchers around the world have used several different definitions
to address CT with no agreement about a default, general definition accepted (DEN-
NING; TEDRE, 2019). The definitions have evolved over the year, yet no consensus
was reached (KALELIOGLU; GULBAHAR; KUKUL, 2016). There is still an ample de-
bate of what really is CT (MORENO-LEÓN; ROMÁN-GONZÁLEZ; ROBLES, 2018).
Actually, it is stated that the definition of CT itself remains “elusive” (BARR; HARRI-
SON; CONERY, 2011; GROVER; PEA, 2013), “too broad to be useful” (MANNILA
et al., 2014), or just blurry (ROMÁN-GONZÁLEZ; MORENO-LEÓN; ROBLES, 2019).
This also makes assessing it a challenge (BRENNAN; RESNICK, 2012).

Main issues. The root of all evil in CT research seems to be the definition mess
that has plagued the area. Researchers and educators might get confused by the
lack of a consensual definition, the abstract, vague definitions given for CT or the ter-
minology confusion with other expressions such as Information and Communications

https://academic.microsoft.com/php
https://academic.microsoft.com/php
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Technology (ICT) or CS education, computer literacy, proceduracy, the fourth literacy
and algorithmic thinking (TEDRE; DENNING, 2016; DENNING, 2017). Coming from
this bad starting point, how can CT be effectively approached by those educators if its
concept is not even understood? How can we measure something in this situation?
Because, if we are to officially include CT in k-12 education, putting it in national cur-
ricula, we must know: (1) what the scientific community refers to when talking about
CT; (2) what exactly is the CT; (3) how to properly approach CT in class; and (4) how
to assess CT.

1.2 Thesis aims

General Goal. To contribute to the consolidation of Computational Thinking in ed-
ucation by clarifying the term and presenting a proper way to approach it.

Specific Goals.

• To objectively define what is Computational Thinking.

• To provide models and/or metrics to support Computational Thinking assess-
ment.

• To base a proper approach to Computational Thinking.

• To provide tools and examples of the based approach.

In order to reach those goals we did:

1. A Systematic Literature Review to find out which definitions, skills and terms are
related to Computational Thinking in the literature.

2. A thorough investigation of the terms found, culminating into objective definitions
for Computational Thinking and its related skills.

3. A presentation of a model to assess skills rather than specific knowledge.

4. An analysis of the definitions reached in 2 to find a properly related approach.

5. A description of the relations between the approach and the Computational Think-
ing definitions found.

6. An implementation of an educational game, including a case study to exemplify
how the presented approach can be put in practice.

7. An implementation of a tool to enable diverse and further use of the approach.
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1.3 Text organization

Special frames. As this work contains informal definitions for terms and formal
definitions, we are using special colored frames to place those. Purple frames are
informal definitions for terms; green frames are lists of topics; blue frames are lists
of expressions; pink frames are lists of sensibilities; and orange frames are formal
definitions. What is a topic, an expression and a sensibility is explained before their
first use, in Subsection 2.2.2.

Textual Resources. Whenever a paragraph addresses a new topic, it is named
after the topic, paragraphs start with their names highlighted as bold text. Hyperlinks
to urls are shown in light navy blue. Acronyms are first introduced as their extended
form highlighting with bold text the words that composes the abbreviated form, which
follows the extended between parenthesis in the first use. For instance, CS. Whenever
referring specifically to an informal definition given in this work, the text is highlighted
in bold purple. Whenever referring to a formal definition, the text is highlighted in
bold orange. All acronyms, terms and formal definitions are linked to their references.
Generic highlights are in underlined bold gray.

Default paragraphs. Chapters and sections start with a paragraph called Target,
that describes the final objective of the chapter or section. The last section or subsec-
tion of a chapter (except of this one) starts with a paragraph called Recap, summariz-
ing the content previously presented in the chapter. Chapters and sections that contain
subsections present a paragraph called Text Organization, describing how its content
is distributed in its sections/subsections. That paragraph immediately precedes the
first section/subsection of the chapter/section.

Content distribution. The second chapter reports to our first goals of objectively
defining what is CT and providing models to support assessing it, starting with a
Systematic Literature Review (SLR) and proceeding with our definitions for several
terms related to CT and its assessment. The third chapter reports to our third goal
of basing an proper approach to CT, wherein we propose the use of Graph Grammar
(GG)s to such task, starting with an overview of the context, a brief explanation of its
concepts, formal definitions and then the relations GG and CT sustain. The fourth
chapter reports to our last goal of providing tools and examples of our approach, start-
ing with the physical version of a GG based educational board game that was base of
the digital version made in this work and proceeding to a GG game engine to make,
edit and play games based on GGs. The fifth and last chapter concludes this work
starting with a recapitulation of the whole work and thoughts on what was presented
here, proceeding to the summary of results and products and discussion on future
work.



2 COMPUTATIONAL THINKING DEFINITION

Target. In this chapter we are going to unravel the first of our goals, proposing
definitions to clarify the term CT and what is involved. At the end of this chapter the
reader should be able to know what is the so called CT in the literature and have a
clear understanding of the concepts grounding it.

Text Organization. The first section relies on a SLR to investigate what the liter-
ature tells us about CT. The second section uses the results of the first to build up a
collection of definitions in order to elucidate all terms surrounding CT, in addition to the
term itself.

2.1 What is being called Computational Thinking

Target. The CT that is being researched, hyped and introduced into education
may be ill-defined, but it is something. People might refer to different things calling
it CT, but they do refer to something in common. This “something” is what we are
looking for in this section. We do not want to define our own, isolated or unrelated
thing and call it CT. This way, we would be increasing the problem, rather than trying
to solve it. We want to throw a light on what the researchers agree about CT and what
the educators perceived as valuable in it. We are longing for a general definition of
CT that readers could rely on when reading this term out there, in the literature. We
expect this definition to be broad and far from specific, we also expect that there will
be divergences, yet we look for at least a partial agreement between the most cited
definitions.

Systematic Literature Review. To find that, we started by carrying out a SLR
following a methodology directed towards engineering and education that highlights an
additional step based on conceptual pedagogy: the Mentefacto Conceptual (TORRES-
CARRIÓN et al., 2018). The addition is an ideogram or graphic sketch drawn on our
predecessor knowledge (before the SLR) about the research topic that serves as a
guideline for defining the search string. The following paragraphs will report each step
of the SLR.
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Research Questions Given our target, we present the following research ques-
tions:

RQ1 What are the general definitions of CT that are most used in the literature?

RQ2 Is there any partial consensus? What are the agreements between the different
definitions?

RQ3 Are there incompatibilities? Does one partially or completely deny another?

RQ4 Despite the general definition, which concepts, subjects or skills are being related
to CT in the literature?

RQ5 How is the CT assessed? Is it directly assessed or through its related concepts?
If so, how are those concepts assessed?

Figure 2 – Mentefacto Conceptual - Computational Thinking.
Source: Created by the author based on TORRES-CARRIÓN et al. (2018) model.

Mentefacto Conceptual. Figure 2 diagrams CT as a cross area between CS and
Education and differ CT from other areas from the same crossing, but with some re-
marks. What we are calling Technological Literacy and Digital Inclusion here refers
to very basic courses, generally targeting people with social vulnerability, that aim to
teach how to use and understand basic concepts of technological gadgets, focusing
on hardware and software, respectively. Concepts such as how to use a mouse as
i/o for a desktop or notebook, how to write basic text documents and charts using ed-
itors (software) and how to use electronic mails and social media. However, those or
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similar terms may be found in the literature (PARK; TAN, 2016; WILSON; SCALISE;
GOCHYYEV, 2015) as broader fields that might share some characteristics with CT.
The same thing is valid for Information Technology (IT), we are referring to IT teaching
here as commercially/professionally driven courses about providing technical support
and maintenance to computer systems and networks.

Prior Knowledge. We are looking for a CT definition, i.e. finding its features, but
our informal guess based on our prior experiences are that CT covers problem solving,
abstraction and decomposition. It is neither rare to find it being related to algorithms
and data management. As “subareas” of CT, we elected common ways to approach
it: games (KAZIMOGLU et al., 2012), unplugged (BELL et al., 2009), programming
courses (RUTHMANN et al., 2010) and robotics (LEONARD et al., 2016).

Related Systematic Reviews. CT papers often point out some of our re-
search questions (DENNING, 2017), so it is reasonable to expect that there
are already some SLR out there that might help us. Thus, before our
SLR search, we have searched for CT SLRs since WING (2006). We
searched for the following string on all these academic search engines: Mi-
crosoft Academic, ERIC, IEEE Xplore, ACM DL, ScienceDirect and Springer Link:
("computational thinking") AND (*review OR systematic*). A total of 483 results
were found by the search, 451 were removed on an initial screening on abstracts that
excluded papers that do not explicitly have CT as theme, papers that are not written in
English or that we did not have access to, papers that were duplicates and papers that
are not a SLR, leaving 32 valid papers. After a full paper analysis, other 13 were cut
off by the reasons aforementioned.

Findings. The Appendix A summarizes the remaining 19 valid papers reporting
their target, scope, the CT definitions they considered, the research questions an-
swered in each paper and a brief conclusion highlighting some of their findings. As
product of this initial effort, we offer this Appendix A as a direction to all readers who
are looking for literature to answer specific questions on CT. If one is looking for a
broad, general overview of the area, we recommend (LOCKWOOD; MOONEY, 2017).

Answers. Some of the most cited definitions in the analyzed papers are (WING,
2006; BRENNAN; RESNICK, 2012; BARR; STEPHENSON, 2011), but we are going
deeper into definitions later to best answer RQ1 to RQ4. Many of the analyzed pa-
pers do discuss the CT assessment and they generally find the same approaches for
evaluation, which are classified by KONG (2019) based on the framework of BREN-
NAN; RESNICK (2012). Answering our fifth question he shows that CT is evaluated
through:

concepts such as repetition/loops/iteration, conditionals, data structure, sequences,
parallelism, mathematical operators, functions and Boolean logic, event handling,
procedures and initialization. The methods used are test designs with multiple

https://academic.microsoft.com/php
https://academic.microsoft.com/php
https://eric.ed.gov/?
https://ieeexplore.ieee.org/Xplore/home.jsp
https://dl.acm.org/dl.cfm
https://www.sciencedirect.com/
https://link.springer.com/
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choice type questions in programming context, task/project rubrics, interviews,
project analysis, observations and reflection reports;

practices such as abstraction, algorithmic thinking, debugging, being iterative, prob-
lem decomposition, designing and remixing. The methods used are task/project
rubrics, tests designed with task-based questions, interviews, observations and
reflection reports; and

perspectives such as interest in programming and computing, confidence in program-
ming and computing, programming self-efficacy (which is defined as “people’s
judgments of their capabilities to organize and execute courses of action required
to attain designated types of performance in the context of programming” (KONG,
2019)), expressing, connecting and questioning. The methods used are surveys
and interviews.

Noteworthy, SHUTE; SUN; ASBELL-CLARKE (2017) points that the variety of CT
definitions and conceptualizations makes accurately assessing CT to remain a ma-
jor weakness. As observed by LOCKWOOD; MOONEY (2017), overall work in testing
for CT is in it’s infancy. ROMÁN-GONZÁLEZ; MORENO-LEÓN; ROBLES (2019) group
up several tools for assessing CT, coming up with the following classifications:

diagnostic to measure CT aptitudinal level of the subject. Some existing
examples are the Computational Thinking Test (ROMÁN-GONZÁLEZ, 2015),
Test for Measuring Basic Programming Abilities (MÜHLING; RUF; HUB-
WIESER, 2015) and Commutative Assessment Test (WEINTROP; WILEN-
SKY, 2015);

summative to evaluate if the learner has achieved enough content knowledge after
receiving some instruction. Some existing examples are Quizly (MAIORANA;
GIORDANO; MORELLI, 2015) and Fairy Assessment (WERNER et al., 2012);

form.-iter. (formative-iterative) to assess learning products, providing feedback to
the learner in order to develop and improve his/her CT skills. Some
existing examples are Dr. Scratch (MORENO-LEÓN; ROBLES; ROMÁN-
GONZÁLEZ, 2015), Ninja Code Village (OTA; MORIMOTO; KATO, 2016),
Computational Thinking Patterns Graph (KOH et al., 2010) and REACT (KOH
et al., 2014);

data-mining to retrieve and record the learner activity in real time, providing valuable
data and learning analytics from which cognitive processes of the subject can
be inferred. Some existing examples are using Blockly environment (GROVER
et al., 2017) and Kodetu (EGUILUZ et al., 2017);
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skill transfer to assess to what extent the students are able to transfer their
CT skills onto different kinds of problems, contexts, and situations. Some
existing examples are Bebras Tasks (DAGIENE; FUTSCHEK, 2008) and
Computational Thinking Patterns-Quiz (BASAWAPATNA et al., 2011);

p-a scales (perceptions-attitudes scales) to assess the perceptions (e.g., self-
efficacy) and attitudes of the subjects. Some existing examples are
Computational Thinking Scales (KORKMAZ; CAKIR; ÖZDEN, 2017) and
Computational Thinking Skills Scale (DURAK; SARITEPECI, 2018); and

vocabulary to measure several elements and dimensions of CT, when they
are verbally expressed by the subjects. An existing example is the
Computational Thinking Language (LU; FLETCHER, 2009);

Next step. As we have found a significant number of SLRs, most of them being re-
cent (four from 2019, nine from 2018) and the oldest dating back to 2014, we gathered
several clues for answering our research questions. That led us to guide the rest of
our review following those clues instead of proceeding to an automated search on the
aforementioned databases. We could report that those 19 related SLRs alone fairly
answer all our 5 questions, but we want to go deeper into the first four. On the next
step, we are going to directly analyze the papers that are being referred by those 19
as part of their CT definitions. We highlight that (KIRWAN; COSTELLO; DONLON,
2018; HASESKI; ILIC; TUGTEKIN, 2018; HSU; CHANG; HUNG, 2018; KALELIOGLU;
GULBAHAR; KUKUL, 2016) referred several papers as CT definitions/frameworks.

Figure 3 – Word cloud of Computational Thinking definitions.
Source: Created by the author based on Appendix B using Wordclouds.com.

General definitions. Figure 3 is a word cloud that graphically summarizes the Ap-
pendix B, which is a table containing all general definitions of CT found in 28 referred
resources. Answering our first question about the general definition of CT, it is often

https://www.wordclouds.com/
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depicted as a mental activity to solve problems, ranging from using computers, com-
putation, fundamental concepts or methods of CS, to designing the solution in a way a
computer could run it or at least be used to carry out some help.

Figure 4 – Venn diagram of Computational Thinking skills.
Source: Created by the author based on Appendix C.

Agreements and consensus. Figure 4 is a complex Venn diagram that graphi-
cally summarizes the Appendix C, which contains a table relating all skills/concepts of
CT found in 28 referred resources at the end. Answering our second question about
consensus, abstraction is a close-to-unanimity consensus, being mentioned in 26 of
the resources, followed by problem solving and algorithmic thinking, both mentioned
in 24 of the resources. We consider as partial consensus other 9 concepts that were
mentioned in the majority (>14) of the resources: simplification/dealing with complex-
ity/hiding unnecessary details (19); (data) representation (18); optimization/efficiency
(17); decomposition (16); test/debug (16); modeling (16); break down into smaller parts
(15); generalization (15); and data (15). Furthermore, the general definitions are quite
similar too, converging to the last paragraph description as mentioned above.

Incompatibilities. Answering our third question about incompatibilities, SELBY;
WOOLLARD (2014) purposely tries to narrow the definition, “denying” the following
terms in the form of an advice for excluding them when proposing a definition for CT:
logical thinking, problem solving, analysis, systems design, CS content, modeling, sim-
ulation, and visualization. Other than that, the resources usually don’t discuss what CT
IS NOT, but the few times it happens, they say that CT is not JUST something, but
do not explicitly deny encompassing it, like WING (2006) saying CT means more than
being able to program a computer.
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Concepts, subjects and skills. Answering our fourth question about the con-
cepts, subjects and skills related to CT, alongside with the consensual ones mentioned
before, the following are also found: sequence of steps/step-by-step (14); evaluation/-
analysis (14); simulation (14); pattern recognition (13); design (13); automation (13);
parallelism (13); functions/procedures (11); layers of abstraction (11); reuse/remix (11);
flow of control (10); iteration (9); classification (8); property evaluation (8); collabora-
tion (8); recursion (7); (data) visualization (7); systems thinking (7); CS content (7);
interface/communication (7); (data) transformation (6); use of technology (6); creative
thinking (6); scale/scalability (6); critical thinking (5); logical thinking (5); and heuristics
(5). Those mentioned in less than 5 resources were cut off. For additional information,
the Appendix C slices the Figure 4 by reference.

Definition Issues. As one might note, some of the aforementioned terms could be
considered synonymous to or included in others, we kept them separated in an attempt
to avoid subjectivity. All those terms are hardly ever (correctly) defined in the analyzed
resources. And when they are, different authors refers to different things using the
same terms. Definitions are holistic by nature, you can’t partially describe or highlight
particular cases of a term and use them as the definition of the term. You can, and
should, use them to exemplify what the term refers to, not to define it. Definitions
might be broad, vague, not exhaustive (i.e. not explicitly describing every single part),
induced, even open-ended if you direct what might be included, but it shall always
refer to the whole meaning of what it is defining. Hence, unfortunately, we have just
transferred our problem of vague, ill or multiple definitions from CT to its related skills.

Limitations. In order to reduce bias, we classified the related terms found, as
exactly equal, direct synonym, closely related/inferred, not mentioned and explicitly
denied. We excluded the closely related/inferred, in an attempt to keep only what is
objectively/directly stated. But as different authors use the same words with different
meanings, it is still a matter of interpretation (thus, subjective) to some extent. Large
works (>150 pages) as (GUZDIAL, 2015), the National Research Council reports (NRC
et al., 2010; NRC, 2012), thesis (SELBY, 2014) and books (PAPERT, 1980; DISESSA,
2001; DENNING; TEDRE, 2019) were also cited for defining CT in the literature, but
they were not included in this review. There is a multitude of informal resources in the
internet (re)defining CT, we took a look at the first elements in google searches (includ-
ing image search) and they usually summarize the literature focusing on abstraction,
pattern recognition, algorithms and decomposition, as showed in Annex A, but we did
not went any deeper into informal sources on CT.

The three faces of CT. Our goal in this subsection is to define what is CT according
to the literature (and common sense, in informal resources). However, the terminolog-
ical mess and definition illness that has plagued CT, as we have seen through this
review, deny us to reach a “singleton” definition. Instead, we are proposing a “triad”

https://www.google.com/search?q=computational+thinking
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definition, it means there are three statements (the three faces of CT) and the term is
used to refer one, the other(s), and any union or intersection of them. Figure 5 graphi-
cally represents this definition of CT based on three interpretations, but we will further
discuss each of them, as this categorization might help calling for groups, defining roles
and targets in addition to clarifying the term.

Figure 5 – The three faces of Computational Thinking.
Source: Created by the author.

The 21st century skill. Theoretically, we draw on the concept of using the products
of CS. Think of technological gadgets, computers, internet and all those things that
surround us nowadays turning computing ubiquitous. It is the idea that appears to be
shared by the majority of the non-CS community (BOWER et al., 2014; UNG et al.,
2018; YADAV et al., 2017), specially prior to CS professionals interventions (YADAV
et al., 2014; HAINES et al., 2019). Being practical, teachers, politicians and stakehold-
ers face CT as a new wild card for introducing technology into the classrooms: an
old idea, now revisited with programming, robotics and games. By analogy, it is like
your skin/surface, it is your external beauty, how the world sees you, what calls attrac-
tion. It is what you are for those who have not met you or deepened the relationship yet,
like your customers, colleagues and the rest of the world. Its major strength is bring-
ing the popular interest and political investment to CT by relying on the appeal of a
technology driven society. The major weakness is the confusion with other terms
like coding (HAINES et al., 2019) and several “literacies”, as the ICT, digital and
technological ones. It calls for educators, who are the best fit to contribute with
curricula integration and operationalization of CT.
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The CS construct. Theoretically, we draw on the concept of using the methods
of CS. Think of recursion, debugging, heuristics, algorithms and all those ways IT/CS
professionals have employed at daily tasks on their jobs. It follows the boom of the
term with the “thinking like a computer scientist” idea, the whole text of WING (2006)
is about showing CS concepts as everyday life examples. Being practical, it is as sim-
ple as generalizing CS. Not surprisingly, CT and CS are often used interchangeably,
sometimes explicitly synonymized (LU; FLETCHER, 2009). By analogy, it is like your
mind, history and acts, it is your self-image, your origin, trajectory and destiny. It is
what you are for those who long knows you or keep an emotional bound with you,
your friends, family and mentors. Its major strength is keeping the CS researchers
hyped and engaged on the theoretical development of CT. The major weakness is
being accused of appropriating concepts from other areas, implying they are a CS
thing (HEMMENDINGER, 2010). It also bears the burden of being too vague (DEN-
NING, 2017). It calls for computer scientists and theoreticians, who are the best fit
to contribute with conceptual foundations and body of knowledge of CT.

The resulting mindset. Theoretically, we draw on the concept of the impacts
of CS. Think of how CS shapes our minds with abstractions over abstractions, other-
wise unbearable complexities and scales, massive amounts and shapes of data, nearly
unrestrained automation and interactive simulations. It emerges from the literature ef-
forts to describe exactly what is CT and how to develop it. Being practical, it is an
explicitly named set of skills that belongs to human mind, rather than CS. Defini-
tions in the literature often target this face of CS, but as they are developed, they reveal
themselves as the aforementioned CS construct face. By analogy, it is like your heart
and all inner organs, all that stays hidden from most, but is crucial if you are meant
to survive. It is what you are for the specialists that shall investigate you to keep you
healthy, like your medics and dentists. Its major strength is enabling measurement
through psychometrics to validate and mature CT. The major weakness is the current
lack of consensus in the exact set of skills involved in CT and what they mean. It calls
for cognitive scientists and psychologists, who are the best fit to contribute with
assessments and validation of CT.

Conclusion. On this section we reviewed the CT literature looking for its meaning.
An initial search brought us to 19 SLRs, which we summarized on Appendix A to guide
further CT research. Those 19 papers led us to a myriad of CT definitions that gave us
a clean view of the most common concepts underlying the term (as seen on Figure 3),
the skills it includes (as seen on Figure 4), the intersections and the incompatibilities
between the definitions. We concluded that there is a CT triad, three different major
interpretations of CT that should remain together: the ability to use technology; the
generalization of CS to other areas and daily life; and a specific set of mental behav-
iors independent from CS. However, we found that the definition illness of CT extends
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beyond its own definition, plaguing too its underlying related skills and fundamental
concepts. Thereby, we conclude this section with our general definition of CT and dive
into the third face on the next section, to reach an operational definition of CT and
further elucidate each skill that we consider part of CT.

Term 1 – Computer:

An information processing agent that is able to perform a set of computations,
which are sets of linked/chained calculations that, in turn, are processes that
transforms one or more inputs into one or more results.

Term 2 – Computer Science:

The science that studies computing. It includes the fields of: theoretical computer
science, how Computers process information (by means of abstract, mathemat-
ical descriptions); computer systems, how Computers may be structured, phys-
ically (how to match hardware) or not, individually or collectively, and how these
structures interact with each other; computer applications, how can Computers
behavior/functionality be explored and applied (mostly software); and information
theory, how the information may be coded, quantified and transmitted (bridging
hardware and software).

Term 3 – (General) Computational Thinking:

The ability to critically, consciously and creatively use, create and/or reflect on
the products, methods and/or impacts of Computer Science.

2.2 Computational Thinking exposed

Target. On the previous section we have presented what is being called (General)
Computational Thinking. It covers most of its uses in the literature, but as expected, it
is a really broad definition that might left interested people without direction to approach
CT. In order to guide those people, in this section we are moving along a deeper and
more directed definition, exploring what we have presented as the third face of CT: an
explicitly named set of skills that belongs to human mind, rather than CS. We are also
dealing again with definition issues, now about each skill that composes CT. Speaking
of definition issues, the final target of this section is an operational definition of CT.

Operational definition. This term is often mentioned in the literature, mainly orbit-
ing the self-proclaimed operational definition of ISTE; CSTA (2011):

“CT is a problem-solving process that includes (but is not limited to) the
following characteristics: formulating problems in a way that enables us
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to use a computer and other tools to help solve them; logically organiz-
ing and analyzing data; representing data through abstractions, such
as models and simulations; automating solutions through algorithmic
thinking (a series of ordered steps); identifying, analyzing, and imple-
menting possible solutions with the goal of achieving the most efficient
and effective combination of steps and resources; and generalizing and
transferring this problem-solving process to a wide variety of problems.
These skills are supported and enhanced by a number of dispositions
or attitudes that are essential dimensions of CT. These dispositions or
attitudes include: confidence in dealing with complexity; persistence in
working with difficult problems; tolerance for ambiguity; the ability to
deal with open-ended problems; and the ability to communicate and
work with others to achieve a common goal.” (ISTE; CSTA, 2011)

However ISTE; CSTA (2011) does not state what is an operational definition. We
have found an answer to that question in the psychology: “An operational definition is
a definition that specifies the operations (or procedures) used to produce or measure
something, ordinarily a way to give it a numerical value” (KALAT, 2010, p. 37). KALAT
(2010) exemplifies that an operational definition of intelligence is an score on an IQ test
rather than the product of the cerebral cortex of the brain, or of temperature, it is the
reading on the thermometer rather than the rate of motion of molecules.

Text organization. Before addressing the measurement, we must first discuss
what, exactly, we are trying to measure. Therefore, we are first philosophically dis-
cussing some concepts in the first subsection, to ground a conceptual definition of CT
as a set of skills that are defined as explained in the second subsection. Each of which
are individually treated in the following six subsections. At last, a measurement sys-
tem is proposed in the subsequent subsection to culminate in an operational definition
given in the last subsection.

2.2.1 An ineffable nature

The tacit knowledge. One of our greatest distinctions to machines is practice. We
learn from experience alone. If we are given a set of instructions to follow, we usually
don’t perform very well on our first try. But even if we don’t study or get any external
knowledge, if we just keep doing it, we get better and better as the tries go on. On
the other hand, computers follow instructions with a set performance since the very
first time and keep it no matter how many times it repeats the instructions. Noteworthy,
Artificial Intelligence (AI) presents a caveat, replicating the human phenomenon, e.g.
neural networks adjust their weights as they experience new data, possibly changing
its “performance” (the output for a given input). In humans, something changes when
we perform, and that change has influence over our next performances. But if we are
asked what changed we are going to have a hard time explaining. This something is
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ineffable, as POLANYI (2009) said: “We know more than we can tell”. That phrase is
the key concept behind the Tacit Knowledge (TK): something we know, but we can’t
describe. For instance, we readily and effortlessly perceive differences between human
faces but we can barely spot them when asked to do so (MANGINI; BIEDERMAN,
2004).

Understanding without communication. Experience is the intrinsic way to gather
TK (POLANYI, 2009). If we can’t express a knowledge, then how could we share it?
How could we know that we are referring to the same thing? How does one know what
another is talking about when he/she says “it is more yellow than the other”? If the
first is not colorblind, he/she will know because, and only because, he/she experiences
“yellow” too. Whenever the other has not previously experienced what we are talking
about, if it is a TK, he/she won’t be able to fully comprehend. Like a professional artist
explaining how to paint to a layman, or an ace of sports explaining to an amateur what
he/she does to perform so well. If it is not a TK, one may fully comprehend without
previous experiences, like a geographic formations lecture to high school students.

Not a sum of explicit knowledge. TK antonymizes explicit knowledge: anything
that can be learned and expressed by the description of its processes or compo-
nents (POLANYI, 2009). Think about an art critique, he/she has a substantial amount
of the explicit knowledge required to produce quality pieces of art, such as color theory,
shadow/light dynamics and geometry. Usually the critique will have an even better un-
derstanding of those than an artist has, yet, it might not be able to produce the quality
art he/she is qualified to judge. The know-how, the talent, the skill, those are all words
used to refer to the TK that mainly distinguishes the artist from the critique. One could
state that what is missing to complete the sum are creativity and motor coordination,
which are TK themselves, we say it is not just that yet. The critique might be a creative
person and have a good motor coordination, in addition to his/her excelling arts explicit
knowledge, but don’t know how to use all those knowledge, the explicit and the tacit,
together to produce art, which highlights the importance of experience to TK.

The synthesizer tacit knowledge. As artists have a knowledge that merges what
they know about color theory, shadow/light dynamics and geometry with their creativity
and motor coordination guiding them through the making of art, so does medics re-
garding to anatomy, pharmacology and genetics with intuition and empathy to clinically
judge (BRAUDE, 2009) or computational thinkers regarding to networks, data struc-
tures and algorithms with abstraction and analysis to solve problems. We can gather
these similarities to build a model of TK that organizes what is involved in a certain
task: the Synthesizer Tacit Knowledge (STK).
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Term 4 – Synthesizer Tacit Knowledge:

The know-how used to combine understandings of a given field of study with a
related set of skills in order to perform a given task.

2.2.2 Computational Thinking lines

CT as a STK. We can model and define CT as the Synthesizer Tacit Knowledge
of Computer Science to solve problems. But that leaves one part of the definition
in blurriness: what is the related set of skills of CT? We do not want to narrow the
Computer Science limiting the skills that could be related to it, neither we want to
fail those who want to know what they are trying to develop on their students when
fostering CT. So, we are going to list and discuss what we propose as the six major
lines (or skills) of CT and leave an open-ended, unlimited number of minor lines one
could add to this CT definition. Keep in mind that a valid line of CT must present a
massive, significant use in Computer Science or an arguably specific, unique one.

A tangle of skills. We are referring to those skills as lines to highlight there is a
continuum of points that are touched by them, and they eventually intersect with other
line(s). Our proposed six major lines of CT are: abstraction, decomposition, algorithm,
data, automation and evaluation. Those lines are not defined by the terms that name
them, they are rather defined around them. That means each of them are defined by
closely related topics, expressions and sensibilities that orbit the naming term.

Missing definitions. We are going to define each skill by means of: topics, the con-
cepts and facts students should know; expressions, the actions, habits and practices
they should show off; and sensibilities, the awarenesses, perceptions and perspectives
they should sustain. But there are a number of terms we must define before getting into
the lines. For instance, we are talking about skills since the beginning of this chapter,
but what is a skill? “A skill is an ability acquired over time with practice—not knowledge
of facts or information.” (DENNING, 2017, p.36). An ability, in turn, is what enables us.
Now, we are heading to base it on our TK context.

Term 5 – Explicit Knowledge:

A knowledge that can be described and transferred. The opposite of Tacit
Knowledge.

Term 6 – Tacit Knowledge:

An ineffable knowledge intrinsically acquired by experience. The opposite of
Explicit Knowledge.
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Term 7 – Ability:

The possession of the means required to do something.

Term 8 – Skill:

The resulting Ability of a Tacit Knowledge.

Term 9 – (CTS) Topic:

Computational Thinking Skill Topic. A set of Explicit Knowledge that are directly
about, or likely to foster the given Skill.

Term 10 – (CTS) Expression:

Computational Thinking Skill Expression. An action that is characteristic of the
given Skill. An active manifestation of the corresponding Ability, i.e. the direct
demonstration of the Ability of someone, showing he/she is not just potentially
able to do it.

Term 11 – (CTS) Sensibility:

Computational Thinking Skill Sensibility. A behavior that is characteristic of the
given Skill. A passive manifestation of the corresponding Ability, i.e. how it
enables one to perceive or react to something in a specific way.

2.2.3 The abstraction line

Grammatically Multiclass. Abstraction is the nearest-to-unanimity term about CT,
yet, we have found this word being interpreted in seemingly different ways in the liter-
ature. Ironically, definitions of abstraction are often too abstract. So, we are going to
investigate and define this word, which is such a versatile one. It is commonly used as
two nouns (abstraction and abstract), a verb (to abstract) and an adjective (abstract),
not to mention all less used derivations. We are going to further discuss and illustrate
the process of abstraction to reach a definition that matches the common uses of this
word in the literature.

Generalizing and simplifying. The most common definitions for abstraction in the
literature revolve around generalization (YADAV et al., 2014; LEE et al., 2011) and/or
ignoring/hiding details (LU; FLETCHER, 2009; ANGELI et al., 2016). We elected an
excerpt to summarize it:

“Abstraction is “the process of generalizing from specific instances.”
In problem solving, abstraction may take the form of stripping down
a problem to what is believed to be its bare essentials. Abstraction
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is also commonly defined as the capturing of common characteris-
tics or actions into one set that can be used to represent all other in-
stances.” (LEE et al., 2011)

An ancient concept. SENGUPTA et al. (2013) traces the history of abstraction
study back to ancient Greece with Plato (360 BCE) and Aristotle (384 BCE) and their
concepts of forms (qualities) and sensibles (what is perceived through sensations).
Then he brings it to the later philosophers Locke and Jean Piaget, highlighting the
famous abstract-concrete and particular-general distinctions:

“Locke proposed two types of ideas: particular and general. Particular
ideas are constrained to specific contexts in space and time. General
ideas are free from such restraints and thus can be applied to many
different situations. In Locke’s view, abstraction is the process in which
“ideas taken from particular beings become general representatives of
all of the same kind” (Locke 1690/1979).” (SENGUPTA et al., 2013)

A matter of abduction. Investigating its etymological origins we may illustrate the
process of abstraction as something that encompasses all the aforementioned features
that are attributed to this term. But we will make a distinction here, we are coining two
terms: shallow abstraction and deep abstraction, both about carrying away (abducting)
some features from a context to keep them isolated in another.

“We trace the origins of abstract to the combination of the Latin roots
ab-, a prefix meaning “from” or “away”, with the verb trahere, meaning
“to pull” or “to draw”. The result was the Latin verb abstrahere, which
meant “to remove forcibly” or “to drag away”. Its past participle abstrac-
tus had the meanings “removed”, “secluded”, “incorporeal”, and ulti-
mately, “summarized”, meanings which came to English from Medieval
Latin.” (MERRIAM-WEBSTER, 2020)

Shallow abstraction. LU; FLETCHER (2009) explains the estimate-divide-average
algorithm (EDA) and exemplify its use in the process of finding the square root of 60
by repeated guess and check: 2 ⇒ 16 ⇒ 9.875 ⇒ 7.975 ⇒ 7.749 ⇒ 7.746, where ⇒
denotes the EDA calculation. LU; FLETCHER (2009) explains ⇒ as an abstraction of
the function λg.(g/60 + g)/2, that represents the EDA calculation. Generally, scientific
papers present an abstract that is a short text giving only the most important facts or
ideas the rest of the paper contains. Both are good examples of what we are calling
shallow abstraction, analogue to a macro of programming language, it is just a repre-
sentation, a short/simple/easy way to refer to something longer/more complex. Both
goes through the process of abducting features away to a new context: in the first, the
fact an input is being transformed by a process is abducted away from the formula that
describes it to get into a sequence of transformations that tends to the square root of
60; and in the second, the key points of the paper (problem, methods and results) are
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abducted away from the whole body of the text to a concise, quick-to-read summary at
the beginning of the article. Note that both keep contexts heavily tied to each other.

Deep abstraction. When we break this connection, for instance, if ⇒ stop repre-
senting specifically λg.(g/60 + g)/2, but represents now any function with some set of
properties. Then, we are enabling generalization by cutting the bounds with the con-
text of origin, this is deep abstraction. So, if one extract some features from a context
and put it, isolated, into a new context, it is already abstraction, but shallow. If one
proceeds to reinforce the isolation, completely freeing the features from its origin, it is
deep abstraction. The features being carried to a new context are the abducted ones,
those left behind are the abstracted ones. Whenever we say “abstract that” it means
to apply this process having as abstracted features the ones referred by “that”, i.e. to
left behind all of “that”. We can define generalization in terms of abstraction as the
process of finding multiple sources for the same set of abducted features.

Sometimes not a process. It is common to hear that CS uses abstractions, and
sometimes it is not referring to the process, but to the product of it. An abstraction
(when not the process itself) is anything that is intrinsically a product of the process
with the same name, i.e. a set of isolated features. Anything we find in the real world
can be classified in abstractions that collect some of their features, but they always
have a multitude of other features those abstractions don’t capture (or better, abduct),
a multitude of features being abstracted away. For instance, consider a real dog called
Bob. It has all the features dogs have, but not isolatedly, they are all intertwined with
their bio and physical properties and all the individualities that define Bob. Bob is not
an abstraction then, but “dog” is. From Bob we define “dog” by isolating features, as
being breastfed when baby, having four legs, fur, a tail and such a potent snout.

The power of abstraction. Abstraction may initially draw on the reality, but it may
also lay on itself. We could define mammals from “dog”, abducting its first feature only.
Here we are operating upon abstractions to make new abstractions. It allows us to
leave reality behind, what comes very handy to problem solving and science, since
reality is out of our control. Isolating variables to precisely investigate causes is a hard
work in the real world, if we abstract those variables we may lose some information, but
we can keep the control, which usually is a favorable trade-off. Abstraction also grounds
imagination, abducting features from the reality to recombine them in our minds. That
is how we could abduct the fur from Bob and the body plan of a salamander to conceive
a furry dragon like Falkor from The Neverending Story (see Dragon in Figure 6).

Concrete vs abstract. Although Falkor is a fantastic being, it does not feel abstract
in the movie, it feels pretty concrete. Falkor does interact with its environment, it is
a complex being with its physical properties reverberating in the fictional world it is
put in. Being abstract or concrete is a matter of looking like a product of abstraction
or not, respectively. The more isolated the concept is, the more it looks like a set of
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abducted features, thus, the more abstract it is. Antonymously, the more attached to
its context, the more relations it stands within, the less it looks like a set of abducted
features, and then, the more concrete it is. Think of abstract art, where shapes and
colors are stripped of their visual references and meanings in the real world, claiming
independence. Or an entrepreneur demanding concrete examples of how the product
could help his business, he/she want to hear about its practical uses by real people, a
product made of something with a cost, a rarity, a viability... not a theoretical model.

Figure 6 – Example of abstractions with dogs.
Source: Images from internet: salamander, gorilla, dragon, dog and “Bob”.

Pattern Recognition. We can define pattern recognition in terms of abstraction as
the process of finding a set of features that could be abducted from multiple sources.
That is, to recognize a pattern can be seen as the process of finding an abstraction in
common. If I can abduct the same features from multiple sources, then those sources
share a pattern. After all, what is a pattern if not a recurring set of features? Pattern
recognition is a concept that is usually highlighted in the literature (cited in 13 out of
28 in our SLR) and in informal resources (see Annex A). Although we can define it
by means of abstraction, it may be best seen as a cross with other lines, such as
evaluation and data.

Abstraction in CS. CS severely uses recursion of abstractions, raising what we
call layers of abstraction: we draw on physical (electronic) switches to conceive bits,
an abstraction used to establish boolean logic, which we draw on to build logic gates,
from which we draw instructions, and then macros, functions, programs and systems.
Another distinction of the abstraction in CS is that it aims to build highly independent
layers, as WING (2011) points, a software developer may ignore details of the underly-
ing hardware, the Operating System (OS), the file system, or the network. In fact, the

https://www.mysmokymountainpark.com/things-to-do/salamanders
https://br.pinterest.com/pin/144326363038970189/?lp=true
https://garotasnerds.com/historia-sem-fim-falkor/
https://dribbble.com/shots/5910980-Golden-Retriever
https://www.humanesociety.org/animals/dogs
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software is meant to work independently of which hardware, OS, file system or network
will support it. In contrast, the classifications we use in biology serves no purpose if
they are not directed towards the underlying layer. Why would we define a dog if not to
organize/categorize the similar beings that constitute it in the layer below?

Term 12 – Abstraction:

The process of extracting features from a source in a given context and putting
them isolated in a new context; or a intrinsically isolated set of features. The
features selected to the new context are said abducted. The features left behind
in the source are said abstracted. The given, original context is said the lower
level. The new context is said the upper level. When the abducted features
keep referring specifically to its origin, the abstraction is said to be shallow.
When the abducted features lose sight of its origin or is not restrained to it, the
abstraction is said to be deep. Anything that looks like a product of abstraction
is said abstract, contrary to concrete, which is anything that does not seem to
come out a process of abstraction.

Examples. Figure 7 uses dices, cubes and polygons to illustrate the main con-
cepts discussed in this subsection: concrete and abstract things, deep and shallow
abstraction processes, abducted and abstracted features, abstractions (as nouns),
layers of abstraction, generalization and patter recognition. In the sequence, a
frame shows examples of what is included in the CT Line of Abstraction: (CTS)
Topics such as concrete and abstract nouns in languages classes and variables
(generalization) in math classes; (CTS) Expressions such as modeling (which in-
volves deep abstraction) and representing (shallow abstraction); and (CTS) Sensi-
bility(ies) such as awareness of layers of abstraction.
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Figure 7 – Abstraction terminology
Source: Created by the author. Images from internet: d20, d12, d10, d4, d6, candle,

table, rubik’s cube, and black cube.

Computational Thinking Line 1 – Abstraction:

Topics – Abstraction:

• (Languages) Concrete and
Abstract nouns

• (Languages) Summary Writing

• (Math) Variables

• (Math) Formulas

• (Biology) Taxonomy

Expressions – Abstraction:

• Classifying

• Generalizing

• Modeling

• Representing

Sensibilities – Abstraction:

• Recognizing abstractions

• Awareness of lower layers

• Awareness of upper layers

• Pattern Recognition

https://metallicdicegames.com/product/red-white-with-black-numbers-35mm-mega-acrylic-d20/
https://www.dicegamedepot.com/12-sided-opaque-dice-d12-red/
https://www.magistermilitum.com/solid-colour-d10-dice-with-numbers-in-10s.html
https://www.dicegamedepot.com/4-sided-opaque-dice-d4-red/
https://www.turbosquid.com/3d-models/3d-6-edged-dice-model/1070029
https://www.amara.com/products/desire-mini-cube-candle
https://www.ondo.com.br/mesa-com-vidro-e-madeira-cube-533/p
https://pt.wikipedia.org/wiki/Ficheiro:Rubiks_cube_by_keqs.jpg
https://www.techtudo.com.br/noticias/2018/06/amazon-fire-tv-cube-transforma-tv-em-smart-e-combina-comandos-da-alexa.ghtml
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2.2.4 The decomposition line

Breaking down. Decomposition is often depicted as a pretty straight-forward pro-
cess of breaking big problems down into smaller, more manageable ones, what may
indirectly include a bunch of concepts, as integration, interrelationship, interface, emer-
gence and reuse. However, “decomposition” is a word already used in other areas, and
it does not necessarily turn things easier, or the parts more manageable: in math, you
may decompose fractions from their simplified form into their initial polynomial form;
in chemistry, you may decompose water into oxygen and hydrogen by electrolysis;
in languages, you may decompose a word into its base and affixes; and in biology,
microorganisms may decompose you into organic compounds! Therefore, we are nar-
rowing/directing the definition of decomposition and setting it as an (CTS) Expression
of this line, which we named after it due to the popularity in the CT literature.

Term 13 – Decomposition:

The process of breaking things down into parts. Reformulating or recognizing
a whole as a collection of constituents. Contrary to composition, which is the
process of gluing things up into one, reformulating or recognizing a collection of
constituents as whole.

Jigsaw Thinking. Jigsaw puzzles are all about parts: how to detach their pieces
(decomposition); how to connect them (composition); how to put a new piece into the
current puzzle (integration); how their shapes fit each other (interface); which parts are
near each region (interrelationship); what they form when put together (emergence);
and which patterns may be repeated over other regions of the puzzle (reuse). We are
going to discuss each of those concepts, that is all this line encompasses, note that
Decomposition is included, but as a key part of it, not the whole.

Integration vs Composition. Integration is about adding as new parts of an al-
ready existing group, e.g. connecting a sensor into a local network may be integrating
the sensor to an IoT system. Composition is about unifying pieces, understand them all
together as a unit. Integration is how to shape a part to a fit a whole, while composition
is how to shape a whole to fit the sum of the parts. Ultimately, integration equals to
composition iff all parts are going to be simultaneously unified into a totally new whole
that has no previous structures to be integrated.

Interface and Interrelationship. Interfaces are the men in the middle, it is the
intermediate between two who are communicating. It defines how to interact or com-
municate with something. When thinking by means of parts, we might expect that parts
shall interact to be conceived as a whole and how this interaction occurs is what inter-
faces are about. But there is another critical role of interfaces, if you want protection or
control, you might design or elect an interface with the external side of the whole. For
instance, our sensory organs are the input part of our interfaces with the environment.
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We can’t read minds, if I want you to transfer me your thoughts, you must convert them
into a corresponding output speech, which I will hear as an input and convert into my
own thoughts. Interface is to “how” as interrelationship is to “what”. For instance, our
eyes (and the rest of our body) need energy that is provided by the respiration of its
cells, what depends on oxygen gathered by the lungs and transported by the blood.
These dependencies, needs and goals are interrelationships.

Emergence. Whenever something shows a feature or behavior that isn’t shown
by any of its parts by their own, those features/behaviors are said emergent. Think
of water resting in a glass, it is more than the sum of moles of H2O molecules. It
has features that comes from the interaction of the molecules, emergent features, like
surface tension. Information-wise, emergence is specially interesting for being able to
create complex systems out of simple structures, as studied in swarm behavior and
hive mind (BLUM; MERKLE, 2008). A pretty visual example of emergence is the au-
tonomous fluid-like behavior assumed by schools of fish and some flock of birds.

Reuse. The process of using something again or applying a previously existing
process, solution or tool is often related to Decomposition (RICH et al., 2018) since,
along with the profit of parallel processing, it is one of the major advantages of breaking
a problem down into parts. If you can solve a part and completely or partially reuse
this solution to solve other parts of the problem, then you are saving a potentially huge
time/effort in relation to solving the whole. Not just this internal reuse, even if our
problem would get more complex when subdivided, it could be worth it if some of the
subdivisions could be solved by a previously known solution.

Decomposition in CS. Breaking things down into parts is a matter of
(re)organization, it is not limited to a problem solving strategy, but also a natural phe-
nomenon common in the wilds as seen in biology, or in lab experiments, as seen in
chemistry. Even as a strategy, it does not always target simpler forms as seen in math.
Due to the limited nature of our computers regarding to processing time/power and
space, CS has a special relation to decomposition because distributing tasks and data
across subsystems allow us to treat problems otherwise unbearable. The massive im-
pacts of a good distribution on multicore machines or distributed systems paved the
way CS approaches problems.

Examples. Figure 8 illustrates the main concepts discussed in this subsection:
decomposition and composition, integration, interface and interrelationship, reuse and
emergence. In the sequence, a frame shows examples of what is included in the CT
Line of Decomposition: (CTS) Topics such as scansion and poem structural analy-
sis (decomposition) in languages classes, animal and plant anatomy (composition)
and ecology (interrelationship) in biology classes; (CTS) Expressions such as as-
sembling (integrating) and reusing); and (CTS) Sensibility(ies) such as recognizing
units as interfaces of greater systems and awareness of emergent features.
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Figure 8 – Decomposition terminology
Source: Created by the author.

Computational Thinking Line 2 – Decomposition:

Topics – Decomposition:

• (Languages) Scansion and
poem structural analysis

• (Math) Factoring

• (Computer Science) API

• (Chemistry) Separation pro-
cesses

• (Biology) Animal and plant
anatomy

• (Biology) Interspecific interac-
tions

• (Biology) Ecology

Expressions – Decomposition:

• Assembling

• Reusing

• Interface design

• Emergence design

Sensibilities – Decomposition:

• Recognizing units as inter-
faces of greater systems

• Spotting interrelationships

• Awareness of emergent fea-
tures

• Reusability
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2.2.5 The algorithm line

Steps and flow. “Algorithm” is a well known and used word in CS due to cod-
ing, programming languages and its introductory courses. Two major concepts are
addressed when talking about algorithms in the CT literature, the first is a step-wise
design: “series of ordered steps” (ISTE; CSTA, 2011), “step-by-step set of instruc-
tions” (SELBY; WOOLLARD, 2014), “data “recipe” or set of instructions” (BERLAND;
LEE, 2011) or “getting to a solution through a clear definition of the steps” (CSIZMADIA
et al., 2015). The second is flow-wise design: “algorithmic notions such as basic flow of
control” (LU; FLETCHER, 2009; GROVER; PEA, 2013), “Algorithms often contain sets
of related conditional logic” (BERLAND; LEE, 2011) or “Design logical and ordered in-
structions” (SHUTE; SUN; ASBELL-CLARKE, 2017). We see a sequence of steps as
just a composite instruction, the flow notion coupled in algorithms make it a collection
of ordered steps (not necessarily a straight-forward sequence). Not just that, there is
something very particular to algorithms, they must be well-defined, unambiguous.

Term 14 – Algorithm:

A finite collection of unambiguous steps.

Relying on the computational model. AHO (2012) spends six paragraphs ex-
plaining Turing Machines to further define algorithms in terms of them, just to point
out how much detail is involved in precisely defining computation, even for one of the
simplest models of computation. DENNING (2017) spots how the “new CT” movement
has resignified algorithms, taking away the notion of the computational models. He
argues that now algorithms are depicted as recipes for carrying out tasks, something
for all kinds of information processors, including humans. In contrast to what it used to
be: a set of directions to control a computational model, deriving their precision from it.

Programs. We think the close relationship with the underlying computational model
is best left for the word “program”, which we are going to define as an Algorithm so
precisely defined that each of its steps are either a collection of other steps or a trivial
instruction. By trivial instruction we mean one that is given, i.e. always easily, correctly
understood and/or performed. Since what is trivial depends of the model, a program is
always relative to the model. A programming language is a set of trivial instructions.

We as computers. Following our definition of Computer, humans are perfectly fit
for being classified as one. It might be nonviable to exhaustively map the full set of
computations we are able to perform, yet, it would be enough to model a subset that
covers what is needed for a given task. Thereafter, we would need to map those com-
putations into trivial instructions the human is able to perform. At last, a programming
language of a program for a human could be any restricted natural language, mimics
or drawings in which the human is literate in and able to unambiguously interpret.
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Ambiguity. The major caveat with the process above (to formally use a human as a
Computer carrying out Algorithms) is the difficulty of dealing with ambiguity. Probably
the most distinctive force that shapes our minds in a certain way in CS is objectivity at
its finest. Instructions and data are so precisely mapped into their meanings that a
mechanical, mindless being can “understand” them, that there is no other way to do
so. That is exactly the special touch Algorithms have, they are a special case of a
composite instruction, an unambiguous one, which pervades all CS.

Flow and Parallelism. When there is order in a collection of steps, it might express
different shapes. A long sequence that starts over when it is finished is a cycle, if
it pops out of another structure, it is a loop, each repetition is called an iteration.
A sequence that branches into two or more is a conditional if it proceeds to one of
its options, or a fork if it proceeds simultaneously to more. The whole dimension of
parallelism is a matter of management of the flow of the steps. It comes with major
concerns about different cadences, synchronization, resource dispute and locks (paths
that are blocked due to their dependency of another). Although we consider recursion
a form of Decomposition where the smaller parts share the same nature of the whole,
it is often approached in the context of Algorithms we use to implement it.

Algorithms in CS. From all the concepts addressed by CT, this is the one that
needs less to justify its presence in CS. DENNING (2017) points out that names such
as “algorithmizing” and “algorithmic thinking” were already used to address how CS
changes the way one think prior to CS. Computer scientists assumed the challenge
to make mindless beings perform complex tasks and it shaped the way they would
envision, define and order instructions. A quest to eliminate intuition, subjectivity and
ambiguity so those that have none of that (machines) could follow our orders. Addi-
tionally, multiple cores and huge distributed systems granted a place for concurrency
on our instructions.

Examples. Figure 9 illustrates the main concepts discussed in this subsection:
unambiguous steps, flow of control (including sequence, conditionals, cycle, loop and
recursive processes), parallelism (including fork, join, synchronization, cadence, dead-
lock, resource dispute and coroutine), subroutine and iteration. In the sequence,
a frame shows examples of what is included in the CT Line of Algorithm: (CTS)
Topics such as mathematical induction (unambiguous steps and iteration) in math
classes, interest (iteration and eventually recursive processes on compound interest)
in economics classes and life, nitrogen and hydrologic cycles in biology and chem-
istry classes; (CTS) Expressions such as diagramming (flow of control) and multi-
tasking (parallelism); and (CTS) Sensibility(ies) such as awareness of dependencies
(resource dispute and deadlocks).
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Figure 9 – Algorithm terminology
Source: Created by the author.

Computational Thinking Line 3 – Algorithm:

Topics – Algorithm:

• (Computer Science) Flow of
Control

• (Math) Mathematical Induction

• (Math) Polynomials Solving
Process

• (Economics) Interest – Simple
and Compound

• (Biology) Life Cycle

• (Biology/Chemistry) Nitrogen
Cycle

• (Chemistry) Hydrologic Cycle

• (Physics) Multistaged Prob-
lems

Expressions – Algorithm:

• Diagramming • Multitasking

Sensibilities – Algorithm:

• Awareness of Dependencies • Recognizing Cycles
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2.2.6 The data line

Origins. The word “data” dates back to 1640s, being used as the plural of “datum”,
from Latin datum “given”, neuter past participle of dare “to give” (ONLINE ETYMOL-
OGY DICTIONARY, 2020). The meaning evolved through the years, from “a fact given
as the basis for calculation in mathematical problems” and “numerical facts collected
for future reference” to “transmittable and storable information by which computer oper-
ations are performed” (ONLINE ETYMOLOGY DICTIONARY, 2020). Nowadays, data
can be found with the following meanings in dictionaries: “factual information (such as
measurements or statistics) used as a basis for reasoning, discussion, or calculation”;
“information in digital form that can be transmitted or processed”; and “information out-
put by a sensing device or organ that includes both useful and irrelevant or redundant
information and must be processed to be meaningful”.

Broadest of them all. Some of the aforementioned definitions are bound to com-
puter machines, but we believe there is a bunch of data that was used even before the
machines of the Digital Era, such as all the data manually collected by census takers for
inquires. Just like we did with our definition of Computer, we are stretching it beyond
machines. An interesting point to note, is that many of those definitions explicitly tell
or at least imply that data is transmittable, which lead us back to Explicit Knowledge.
But then, we are confronted with the difference of knowledge to information. To avoid
the philosophical trap of an endless loop of definitions, their origins and meanings, we
are are not digging into the definitions of knowledge and information, just assume the
common sense for those words, that actually could apply to nearly anything.

Quantized. The word “datum” is already used, specially in cartography, as a refer-
ence point from which scientific measurements are made, which comes from its Latin
origin “given”, i.e. an accepted fact (INTRODUCTION TO DATUM, 2020). Despite of
this, we will be facing datum as the singular of data, which our aforementioned defini-
tions suggest that should be transmittable. Due to our real world limitations, we can
only transmit finite, discrete information, even though we may represent infinity, contin-
uums and analogical information by assuming strategies such as inductive reasoning
or a massively large amount of possibilities to sample the whole, e.g. floating points.
Therefore, data is a quantized information, i.e. information composed by a finite set of
discrete units.

Term 15 – Data:

A quantized information. Information made up by a finite set of discrete units,
what allows it to be transmitted and operated by Computers.

Guiding the usage. Data is essentially encoded by structures to define how its
units and their combinations are mapped into respective meanings and how they can
be managed or transformed. Data structures commonly refer to stacks, graphs, charts,
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tables and classes. But following the aforementioned definition, the binary number
system that underlies most of our contemporary Computer machines are data struc-
tures too. So, we are classifying data structures as semiotic, primitive or higher-order.
Semiotic data structures are at the very bottom, they are used to define how to com-
municate or express, such as numeral systems, codes and natural, sign, formal and
programming languages. Those thing may usually do not be considered a data struc-
ture, but they fit our definition of Data Structure, so we are including them. Primitive
data structures can be commonly found with the name of data types, such as Booleans,
characters and floating points, they are used to define the values we want to work with.
Higher-order data structures are what people usually refer to when talking about data
structures, such as lists, tables, charts and graphs, they are used to organize values
(which, in turn, are defined by the primitive data structures).

Term 16 – Data Structure:

A model that defines how the building blocks of Data are organized in order to
raise up meaning, how they can relate and how to access, modify or operate
upon the Data modeled by it.

CT data practices. In the CT literature data often goes along with gathering/col-
lection, transformation, analysis and representation (ISTE; CSTA, 2011; WING, 2011;
BARR; STEPHENSON, 2011; SHUTE; SUN; ASBELL-CLARKE, 2017). Data gather-
ing and data collection seems to be used interchangeably, so we are going to keep
them as synonyms. Data collection/gathering is the prior process of obtaining the in-
formation to generate Data. Data representation is the process of defining or choos-
ing the Data Structure and modeling the Data accordingly. Data transformation is
the process of migrating Data from a Data Structure to another. We are also adding
Data interpretation, the process of recovering the information used to generate the
Data. That is, reaching the meaning of the values in a given Data Structure, ideally
the intended meanings.

Analysis. In a cross with evaluation, Data may be systematically analyzed in a
way unrestricted information may not. For instance, data mining can find patterns
by organizing data entries into clusters only if the information is made of comparable
pieces. Seeing information into a given Data Structure may reveal or highlight features
or properties of the information, such as proportion notions on a pie chart or trends in a
line chart. Well-defined data structures enables formal proofs, potent mathematical and
logical tools for understanding and predicting phenomena. Therefore, Data analysis is
the process of building new information about the existing Data, based on them. That
is, analyzing data is about drawing conclusions, classifying and spotting properties
harnessing the Data Structure used to represent the information.

Visualization. With the rise of the big data field and the massive amounts of data
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being produced and shared every second nowadays a special concern came to light:
how to best visualize all this data. This visualization effort targets not only analysis,
but communication. How to inform, how to show, how to pass on information? More
specifically, in which form? Thus, the concerns with the Data Structure extrapolates
intern operation and management to external relations, to present it to third parties.
Thus, Data visualization is the process of accessing and/or granting access to Data,
which relies on representation and enables/powers interpretation and analysis.

Data in CS. We can’t say CS created data, but for sure CS warmly adopted and
embraced it. Maps and charts are hard to be hand drawn if we are willing to cor-
rectly have them in scale. Computer machines have drastically contributed to their
plotting, revolutionizing data visualization regardless of the field or context. Those pre-
cise representations were already far, if not unreachable from human hands, but as CS
advances we use and generate more and more data. It has gone to the point that hu-
mans couldn’t handle them without machines automating a massive amount of work, in
fact, a whole new field has emerged dedicated entirely to treat, analyze and visualize
huge amounts of data using automatic tools and techniques: the Big Data field.

Examples. Figure 10 illustrates the main concepts discussed in this subsec-
tion: data structures (semiotic, primitive and higher-order), gathering/collection, repre-
sentation, transformation, visualization, interpretation and analysis. In the sequence,
a frame shows examples of what is included in the CT Line of Data: (CTS) Topics
such as charts and cartography (higher-order Data Structures) in geography classes
and genetic code (semiotic Data Structures) in biology classes; (CTS) Expressions
such as switching between data structures (transformation) and creating data models
(representation); and (CTS) Sensibility(ies) such as comprehension of the disposed
information (interpretation) and clustering (analysis).
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Figure 10 – Data terminology
Source: Created by the author. Images from internet: Eye, Sign Language and

Information.

Computational Thinking Line 4 – Data:

Topics – Data:

• (Geography) Cartography

• (Interdisciplinary) Charts

• (Math) Function Curves

• (Chemistry) Periodic Table

• (Physics) Systems of Mea-
surement

• (Physics) Quantum Mechanics

• (Biology) Genetic Code

Expressions – Data:

• Gathering Information

• Plotting

• Creating Data Models

• Switching Between Data
Structures

Sensibilities – Data:

• Comprehension of the Dis-
posed Information

• Spotting Properties based on

the Data Structure

• Clustering

• Decoding

https://favpng.com/png_view/eyeball-icon-design-eye-visualization-png/uPNxiVUy
https://commons.wikimedia.org/wiki/File:Pictograms-nps-accessibility-sign_language_interpretation-2.svg
https://www.canstockphoto.com/info-icon-elegant-blue-round-button-50078205.html
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2.2.7 The automation line

Go to work, machine. CT literature addresses automation as making computers
(referring to our modern machines) do the work for us (BOCCONI et al., 2016; LEE
et al., 2011) or using computers as tools (BARR; STEPHENSON, 2011; YADAV et al.,
2014). Sometimes, they are more specific, spotting that the work left for the computers
are repetitive or tedious tasks (ISTE; CSTA, 2011). We agree those are good examples
of the automation process, but we are going to define automation in a broader way.

Term 17 – Automation:

The process of granting autonomy. Decreasing dependency of your guidance.

Autonomy. One might feel weird about this term, since when we automate some-
thing, we are not delivering it free will, it is not going to decide what to do by itself,
it will follow our rules. Think that when something is autonomous it does not ask for
directions, it automatically does something based on its own rules. The tricky part is
that we are the ones who define which rules are those to be followed by the automated
being. We define their rules, and then grant them autonomy. Ultimately, the autonomy
granted is so great it can redefine its own rules, something we could expect from a
strong AI. It is very likely that you will hear from computer scientists or programmers
that computer machines are incredibly dumb and we must tell them every single thing
they must do, precisely and exactly. We correct this statement: someone must have
told them at some point in time, not us, as the final users. Our smartphones or desk-
tops have several layers of autonomy, they do not ask us which process should go in
which core or which video encoding strategy it should use to record. In fact, sometimes
they do not even ask us if we want to update them. Automation freed them and us
from the torment of being constantly annoyed by questions about what to do.

Automatic life. We can bring Automation to living beings, even to ourselves,
internally. Think of a new intern that every time he/she receives a new spreadsheet,
he/she asks you what to do with it. Teaching him how to classify the spreadsheets
and send them to their respective archives turn this process automatic to you. New
spreadsheets are going to the right archives without the need of any further action
from you. Internally, anything that starts to be made unconsciously was automated,
like riding a bike, your legs move accordingly without the need of thinking or planning
their exact movements. Let us say that an order is about what you want to be done
and an instruction is about how you want to get it done, then Automation is about
instructing, not ordering. Aside from simple mechanical devices, instructions are the
key of Automation, that being said, Algorithms are close friends. Remember the most
special feature of Algorithms, non-ambiguity, if you pass ambiguous instructions, you
may have undesired automated solutions.
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Use of technology. SELBY; WOOLLARD (2014) defines automation as “an im-
plementation of abstractions by computing devices”. For MANNILA et al. (2014), it is
“recognizing ways in which technology can help us accomplish tasks that would oth-
erwise be too repetitive, unfeasible or difficult”. LEE et al. (2011) says “Automation is
a labor saving process in which a computer is instructed to execute a set of repetitive
tasks quickly and efficiently compared to the processing power of a human”. Those
definitions look back to the first face of (General) Computational Thinking, the use
of CS products. We highlight that computer machines do benefit the most from Au-
tomation so far. It is completely out of scale how much machines outperform humans
in repetitive well-defined tasks. But the key to benefit from this high performance is by
letting them running with as less of dependence of our interventions as possible.

Tool makers. Some papers directly mention (VOOGT et al., 2015; BOCCONI et al.,
2016; LEE et al., 2011), and in many others it can be inferred, that the creation of
artifacts, software (as games and apps) and hardware (as robots and small electronic
projects), is part of CT. If instead of creating artifacts in general, we talk about creating
tools, which help us creating things, then we may fit those abilities in this CT line.
Through the lens of Automation, the more automatic a tool is, the better. Beyond
tools, other artifacts that significantly involve Automation are any self-contained ones,
such as games, systems and simulations. Given that creating software applications are
generally a fairly different process with respect to creating hardware, we are naming
those processes developing and tinkering, respectively.

Simulation. It can be seen as a huge crossing of all CT major lines, but we are
highlighting simulation here because its core idea is letting it run on its own, to further
analyze it and then relate to the real thing. Simulations enable us to predict natural
phenomena by imitating it in a controlled context where we usually can isolate vari-
ables, set different conditions, the time rate, and all those things that we do not stand
much control over in the real world. It is noteworthy that using simulations may be a lot
closer to data visualization, while designing simulations are closer to automation.

Automation in CS. The understanding of the huge gap between human and ma-
chine performances in certain tasks is the major distinction of Automation in CS. The
fast scripts routinely used by CS professionals to search or create pattern-based sim-
ple files reveals this awareness. Knowing that millions and millions of a calculation
that would take us years, if ever, to complete is done in a matter of seconds by the
machine. But also knowing that no matter how much time you give to it, the machine is
not going to conceptualize a good scene for a fantasy illustration. Unless a new deep
neural network solution get designed and successfully claim those feats, then we will
be entering in a new era of automation.

Examples. Figure 11 illustrates the main concepts discussed in this subsec-
tion: order, instruction, development, tinkering, automated effort and simulation. In
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the sequence, a frame shows examples of what is included in the CT Line of Data:
(CTS) Topics such as volcanism simulations in geography classes and cooper-
ative activities/games (potentially order/instruction) in physical education classes;
(CTS) Expressions such as building robots (tinkering) and creating virtual games
(development and potentially simulation); and (CTS) Sensibility(ies) such as realiz-
ing autonomous alternatives.

Figure 11 – Automation terminology
Source: Created by the author. Images from internet: Tinker, App and Building.

Computational Thinking Line 5 – Automation:

Topics – Automation:

• (Geography) Volcanism Simu-
lations

• (Biology) Cultivation

• (Physical Education) Coopera-
tive Activities/Games

Expressions – Automation:

• Building Robots

• Creating Virtual Games

• Providing Instructions

• Replacing own effort with tools

Sensibilities – Automation:

• Realizing autonomous alterna-
tives

• Spotting tool usage opportuni-
ties

https://icon-icons.com/icon/tinker/38783
https://www.iconninja.com/map-gps-location-communication-navigation-phone-application-icon-974
https://cdn2.iconfinder.com/data/icons/construction-and-maintenance/24/_build_wall-512.png
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2.2.8 The evaluation line

Evaluation vs Analysis. “Analysis” and word derivations was found in 12 of the 28
CT defining resources reviewed, “data analysis” in four, and “evaluation” and deriva-
tions in 7 and any of those in 14. Those terms seem to be used interchangeably even
though SELBY; WOOLLARD (2014) recommends to use “evaluation” but not “analy-
sis”. MERRIAM-WEBSTER (2020) brings the following definitions for evaluation: “de-
termination of the value, nature, character, or quality of something or someone” and
analysis: “a detailed examination of anything complex in order to understand its na-
ture or to determine its essential features: a thorough study”. We are going to use
evaluation, but we consider the interchangeable use of both words acceptable.

Term 18 – Evaluation:

The process of defining or recognizing values through a detailed examination.

Efficiency. Concepts of optimization and efficiency are even more consensual (17
out of 28) than the aforementioned broader terms. We consider efficiency a prop-
erty and, in turn, property checking an evaluation task. Our review suggests that ef-
ficiency is an extraordinary property for the CT, a lot more mentioned than others or
general property evaluation, so we keep highlighting it here. Efficiency is about a cost-
benefit analysis, while optimization is about increasing efficiency. Actually, this is how
the common-sense defines optimization, because theoretically optimization is about
reaching specifically the most favorable solution, design, system or state, meaning that
there cannot possibly be an alternative that outmatches the optimal one.

Properties. Referring to traits, qualities or virtues of something, properties may
be found and/or quantified through analysis. CS turn it into an objective, mathematical
process using formal verification for proving correctness, that is, proving (or disproving)
that something is correct with respect of a given formal specification. Model checking,
for instance, mathematically models something as a state system and presents a sys-
tematically exhaustive exploration of the states to prove specifications generally given
in temporal logic. Along correctness, several other properties are commonly analyzed
in CS, such as usability, portability, interoperability, flexibility, durability, reliability, safety
and maintainability.

Test and Debug. Also more popular in the literature than the broader terms (14 out
of 28) testing and debugging are other evaluation tasks. With a common, consensual
understanding, tests are experimental executions directed towards checking if or how
something happens, often in a partial, controlled environment. On the other hand, what
“debugging” means may vary from person to person. Some will narrow it to fixing errors
(bugs) while others will rely on the systematic search for the errors that precedes their
fixing. Ability-wise, we understand that debugging is a system awareness, it is about
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knowing what and how something is happening, internally. By having a clear vision of
the internal process of something one may spot unnoticed misbehaviors, their cause
and how to fix them.

Prediction. One of the most useful consequences of a detailed examination is
the possibility of making predictions of future events based on the subject’s behavior,
features and/or properties. It is at the core of all science to hypothesize, to test and
then report the findings. That early part about stating what could or should happen in
a given situation is grounded on evaluation, it precedes testing, and in fact sometimes
testing isn’t even necessary to validate it. Most of the theoretical development is not
made on the classic empirical positivist science way, but we are skipping this debate,
we just mentioned it to highlight the power of prediction.

Classification. Determining efficiency, properties, if it is working or not and what
should happen in the future are all external processes built on top of what we are eval-
uating. But analyzing its internal structures may lead us to reorganize them, classifying
it, sorting it, clustering it. Classification is a matter of systematic organization, ensuring
things that belong to the same class share a minimal set of features. It usually cross
Abstraction because generalization and pattern recognition both ground it, and Data
because visualization is its enabler and power house.

Evaluation in CS. We are getting in touch with completely new ways of evaluating,
AI has brought surprise even to their creators by solving problems in ways we could
not anticipate (LEHMAN; CLUNE; MISEVIC, 2018). For instance, it is scary of how
perfect a deep fake video can get, but if it takes a neural network to make one, why
not use a neural network to detect one (GÜERA; DELP, 2018)? You know, modern
problems require modern solutions, CS has been automating evaluation for a long
time now, we are probably near a next step. Recalling that automation, CS spread an
humongous amount of tools to improve the gathering, storing, sharing and processing
of information, which increased accuracy and precision of the evaluation process of
researchers across nearly all fields.

Examples. Figure 12 illustrates the main concepts discussed in this subsection:
detailed examination, efficiency and property check, test and debug, prediction and
classification. In the sequence, a frame shows examples of what is included in the CT
Line of Data: (CTS) Topics such as text analysis (detailed examination) in languages
classes and experiments in general (test) in chemistry and physics classes; (CTS)
Expressions such as sorting (classification) and tracking errors (debug); and (CTS)
Sensibility(ies) such as taking account of properties and realizing better alternatives
(efficiency).
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Figure 12 – Evaluation terminology
Source: Created by the author.

Computational Thinking Line 6 – Evaluation:

Topics – Evaluation:

• (Languages) Text Analysis

• (Languages) Grammatical
Classes

• (Math) Systems of Equations

• (Chemistry) Classifications of
Acids and Bases

• (Chemistry and Physics) Ex-
periments in General

Expressions – Evaluation:

• Testing

• Fixing errors

• Tracking errors

• Sorting

Sensibilities – Evaluation:

• Awareness of the Internal Be-
havior

• Spotting Malfunction and Mis-

behavior

• Taking Account of Properties

• Realizing Better Alternatives
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2.2.9 The Six Turning Points

The quest for measuring. In this chapter we have been discussing and describ-
ing what, exactly CT is by means of a collection of Skills. Due to the nature of Tacit
Knowledge it is a challenge to measure it, how can we quantify something we can’t
directly describe? Think of riding a bike, it is a TK, we do not have a formal standard
to quantify how good someone is at biking, yet, we do judge and compare profession-
als and amateurs performing it. For contests and more detailed examinations we will
always rely on a technical jury, which grants the judgment an intrinsically subjective
value. The less subjective the judgment that estimates an ability is, the more it turns
into a measurement. But contrary to the natural phenomena we measure, cognitive
processes are far from precise mathematical descriptions, which makes the tools for
estimating Skills far from measurement.

Metric. Formally, in mathematics, a metric is a function that defines a distance
between each pair of elements of a set. We are not getting into the formal definitions
for establishing a metric, but rather informally following its concept applied to the set
of all performers (“computational thinkers”). It means we are after a way of comparing
people from the perspective of CT. Ideally, measurement reports to objectively reaching
the same output for a given input no matter which, when or how a tool was used. But
this output does not need to be in a continuous, infinitely precise spectre. Our target
here is not a competition, a contest, a toe-to-toe comparison, but rather a capacity
check, i.e. we want to be able to say if the performer is able to accomplish something.
Back to the biking example, we want to say if “A” is able to ride a bike in: (1) a straight,
flat surface; (2) a curvy empty one; or (3) a complex circuit full of obstacles. We do
not seek saying “A” outperforms “B”. Following this path, DREYFUS; DREYFUS (1980)
famously systematized and illustrated the progressive changes in one’s performance
as five developmental stages: novice, competence, proficiency, expertise and mastery.

The turning points. We want to get into a metric that successfully divide perform-
ers into meaningful classifications that can be objectively spotted and reasonably differ
from each other. For this, we are proposing the six turning points: literacy, intimacy,
competency, fluency, proficiency and mastery. They provide, each, a binary division of
the performers. Then, we are combining those divisions into a classification system of
seven stages of ability: from having past none of the turning points to passing each of
them along with their predecessors.

Literacy. Originally referring to being able to read and write (MERRIAM-
WEBSTER, 2020), the word “literacy” has been applied to several other concepts,
examples are given: digital literacy, data literacy, media literacy, civic literacy and finan-
cial literacy. We are using this word to refer to the most basic knowledge needed to
perform something. Literacy divides those who can’t immediately perform, even having
access to instruction (illiterates) and those who can (literates). Illiterates exists only be-
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cause of the experience-bound nature of TK, think of a kid that has never ridden a bike
before, even with someone constantly explaining how to do it, the kid might just do not
be able to do it on the first tries. Literacy can be diagnosed by offering all instructions
and support available to perform a given task and analyzing if the performer is able to
immediately do it.

Intimacy. Mostly for aesthetics, we chose to use “intimacy” as a synonym of famil-
iarity that fits the other terms endings. Here, we approach intimacy as having significant
external, previous knowledge about something, not necessarily inferring it is big or that
the performer sustains any close relationship with it. It is worth mention that previ-
ous knowledge usually helps, but may also muddle performances if it is misleading or
equivocated. Intimacy divides those who can only rely on information given or taken on
the fly (laymen) and those who may make use of previous knowledge (knowledgeable).
Keep in mind that we will always draw on looking for previously acquired references to
foster new knowledge, but here we are referring to directly identical or close related
experiences. Think of a biker trying to learn how to ride a unicycle in contrast to a per-
son who never rode any of those. Intimacy can be diagnosed by offering incomplete or
superficial instructions and limited support to perform a given task and analyzing if the
performer is able to fill the gaps to do it.

Competency. About being able to complete tasks with no clues, one who crosses
this turning point demonstrates that he/she has acquired independence to perform.
Competency divides those who still need some support (dependents) and those who
can rely only on its own knowledge (independents). Competent performers need no
directions, they fully comprehend what they should do to accomplish the given task,
which includes knowing jargons and technical terms. Think of a moderate biker who is
asked to do some wheelies, that is all the information he/she is given. If he/she does,
then there is competency, but if it is needed to explain that wheelies are about riding
with the front wheel off the ground, then he/she is not. Competency can be diagnosed
by directly demanding tasks without instructions and analyzing if the performer is able
to do it alone.

Fluency. A common concept in languages, fluency is about automatically perform-
ing, keeping a constant flow of the task with no need to stop to consciously think and
resolve what to do. Fluency divides those who stops to think, to consult its own memory
or to consciously follow a plan in order to perform (recaller) and those whose actions
naturally, uninterruptedly flow while performing (fluent). Reaching fluency enables to
disattend from the activity being performed, to perform something else while doing
what the performer is fluent in. Think of a pro biker who should perform a famous ma-
neuver, if he/she must keep repeating for himself/herself each step of the maneuver to
do it, if he/she couldn’t disattend from it for a second, then he/she is not fluent in some
acrobatics yet. But we could say that he/she is fluent in biking, since he can easily think
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and do other things while doing it. Fluency can be diagnosed by demanding tasks to
be done simultaneously or by analyzing if the flow of the performance over the time
remained constant.

Proficiency. With an advanced ability, proficiency is reached when one excels the
demand, not just accomplishing the task but doing so through the best ways, reach-
ing results above the average. Proficiency divides those who at most perform the
regular way (amateur) and those who outperform (experts). Expertise passively mani-
fests through efficient performances or when confronted with unusual restrictions/chal-
lenges. Think of a biking champion casually riding on the street, he probably uses less
energy, more speed and balance than a regular one. Particularly, his/her expertise
may really shine if a car appears out of the blue and he/she is able to dodge it, what
most bikers couldn’t. Proficiency can be diagnosed by demanding highly challenging
or restricted tasks, or by analyzing if regular tasks are being performed more efficiently
than the average.

Mastery. As illiterates define the lower boundaries of a skill measurement, masters
define, redefine and extend the known limits of the skill. Mastery divides those who
study known features and practice known feats (learners) and those who develop new
ones, bringing brand new content or breaking records (masters). Mastery produces
the state-of-the-art of a skill, bearing the potential to change how we see the skill itself
and to define new standards of its performance. Think of bike race recordists or a bike
acrobat who shows the world a new maneuver. Mastery can be diagnosed by verifying
precedents and comparing to the existing performances, if it is new and better, it is a
masterpiece.

Into a hierarchy. These turning points are not necessarily progressive as they are
defined above. For instance, one could have previous knowledge about something
(a knowledgeable, one who passed the intimacy turning point) and yet be unable to
perform even with access to full support and new instructions (an illiterate, who have
not passed the literacy turning point). Although possible, we consider the cases out of
the progressive hierarchy very rare. A major caveat is given: masters might show off
frequently, even without reaching prior turning points if the skill being assessed is new
or poorly known. To assure hierarchy, we define that to be classified as a given rank one
must fill the requirements to pass all turning points beneath its rank, i.e. you can’t be a
master if you are not an expert. Then, we reach the seven class (0 to 6-stars) hierarchy
shown in Table 1, where: the first column shows the ranks represented by a number
of stars; the six following columns shows the names given to those who haven’t and
have already past each turning point, namely literacy, intimacy, competency, fluency,
proficiency and mastery, respectively; the next column reads the characteristics of the
performer in the given rank; and the last column shows between which ranks each
turning point is located in the hierarchy.
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Table 1 – The Six Turning Points hierarchy of skill.
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2.2.10 Operational Definition

Recap. We started this chapter with the challenge to undo the definition issues
of CT, first investigating what is being called CT and then presenting our definitions.
Our SLR upon 19 other SLRs and 28 resources defining CT revealed: the most used
general definitions for CT – a mental activity to solve problems using CS or designing
solutions in a way a computer could help; the consensual terms abstraction, problem
solving and algorithmic thinking along with other 9 that are partially agreed; incompat-
ibilities, mostly from SELBY; WOOLLARD (2014) attempt to narrow the definition, re-
jecting logical thinking, problem solving, analysis and other terms; a multitude of terms
attributed to CS, e.g. automation, layers of abstraction and systems thinking; and how
the CT is being assessed – by multiple choice questions, as the Computational Think-
ing test (ROMÁN-GONZÁLEZ, 2015), project rubrics, surveys and automatic tools such
as Ninja Code Village (OTA; MORIMOTO; KATO, 2016).

Our definitions. We discussed three major interpretations of CT (the CT Faces)
that covers most of the uses of the term in the literature: know how to use computer
technologies (the products of CS); basic CS, generally applied to other areas or daily
life (the methods of CS); and a set of cognitive abilities reached through CS (the im-
pacts of CS). Then we started to detail the concepts, looking after an operational defi-
nition for what we conceived as the Synthesizer Tacit Knowledge of Computer Sci-
ence with the Skills of Abstraction, Decomposition, Algorithm (algorithmic think-
ing), Data (practices), Automation and Evaluation. At last, we defined six turning
points, organizing them in a progressive hierarchy: literacy, the ability to perform; inti-
macy, about previous knowledge; competency, the independence to perform; fluency,
the ability to perform in background; proficiency, efficient, extraordinary performance;
and mastery, expanding or reshaping the world knowledge about it. All of this in order
to reach an operational definition, i.e. a definition by means of measurement. Which we
are coining from the six turning points hierarchy applied to each of the aforementioned
Skill.
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Term 19 – (Specific) Computational Thinking:

The know-how to use Computer Science knowledge and the following Skills
in order to solve problems: abstraction, generalizing and/or simplifying by iso-
lating some features in a new context; decomposition, break things down into
parts, enable and analyze them as a collection of parts and as a whole; algorith-
mic thinking, describing and planning processes unambiguously, using notions of
flow of control and eventually parallelism; data practices, visualizing, analyzing
and operating information as a finite set of discrete units; automation, granting
autonomy to tools to speed up the process, specially when dealing with repeti-
tive tasks or to run simulations; and evaluation, checking properties, testing and
debugging.

Term 20 – (Operational) Computational Thinking:

The collection of Abstraction, Decomposition, Algorithm, Data, Automation
and Evaluation Skills as ranks (0 to 6 stars) of the six turning points hierarchy,
i.e. a literacy, intimacy, competency, fluency, proficiency and mastery check of
each Skill.



3 GGasCT

Target. In this chapter we are going to explore formal methods, specially GG, as a
possible approach to foster CT as it is discussed and defined in the previous chapter.
We name this approach Graph Grammars for developing and assessing Computational
Thinking (GGasCT), as we will detail in the last section of this chapter. At the end of
this chapter the reader should be able to know what is a GG, how and why it could be
used to develop and assess CT skills.

Text Organization. The first section contextualize the reader, introducing the field
in which GG is studied. The second section informally explains all the basic concepts
of GG, granting examples and their visual representations. The third section present
all the formal definitions, mathematically describing the same concepts of the previous
section. The last section discusses the relations between CT and GG concepts.

3.1 Formal Methods: The Well-Defined Wonderland

Target. Formal methods draws on the very roots of computation, making use of
theoretical CS techniques to verify and prove correctness of specifications. In this
section we will discuss what formal methods are, what they are used for and why they
are of our interest. As well as its critics and weak points and finally, what can be done
about them.

Correctness. BOWEN; STAVRIDOU (1993) defines correctness as the delivery of
proper service, i.e. service which adheres to specified requirements. He highlights that
a correct system is not necessarily a dependable system, the latter would be a system
with properties such as safety, availability and reliability. Roughly speaking, correctness
is about doing what it was designed to do. It sheds light on usually neglected and
problematic discrepancies: what one meant and what he/she said, what one wanted
to do and what was done, or how a system is intended to behave and how its design
make it behave. The less difference between those, the greater the correctness.

Why not just to test? Testing is capable of finding counterexamples, spotting
lack of correctness, but unless the test is exhaustive (what is rarely viable) it is unable
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of proving correctness. Furthermore, testing expansive or dangerous systems can
cost a lot of money or even lives, tests can’t be used alone to certify those systems.
Additionally, tests only grant you an external view, outputs, while with formal methods
you are going deep inside it. This internal detailed examination might trigger insights
that no test would. Yet, testing should not be discarded if we are using formal methods,
they should be treated as complementary to each other.

Specification. HALL (1990) says that formal methods are all about specification,
it is predominantly a process of: writing a formal specification; proving properties
about the specification; constructing a program by mathematically manipulating the
specification; and verifying a program by mathematical argument. He refers to formal
methods as “the use of mathematics in software development” (HALL, 1990). Terms
are discussed by HINCHEY; BOWEN; ROUFF (2006), that highlights the term “for-
mal methods” is misleading, because despite originating from formal logic, they do
not adequately incorporate many of the methodological aspects of traditional develop-
ment methods. It is now used in computing to refer to a plethora of mathematically
based activities. There is also provided a definition for “formal specification”: “A spec-
ification written in a formal notation, often for use in proof of correctness” (HINCHEY;
BOWEN; ROUFF, 2006). Surprisingly enough, our highly cited CT evangelist, Wing,
also present definitions here, on formal methods. Adapting from (HINCHEY; BOWEN;
ROUFF, 2006; WING, 1990), we present the following definition.

Term 21 – Formal Methods:

Formal notations, tools and techniques with a mathematical basis, often draw-
ing on theoretical computer science fundamentals such as logic calculi, formal
languages and automata theory, that are used to unambiguously specify the re-
quirements of a system. Those notations and tools shall support the creation
of formal specifications, the proof of properties for them and proofs of correct-
ness of an eventual implementation with respect to the specification. It provides
frameworks to specify, develop and verify systems in a systematic rather than ad
hoc manner.

Using formal methods. KOSSAK et al. (2014) states that formal methods have
several success stories in high-assurance systems. WING (1990) lists examples of
formal methods applications in system design, verification, validation, documenta-
tion, analysis and evaluation, in addition to requirement analysis. BOWEN; HINCHEY
(1995) argues that formal methods may feel like an “overkill” (and indeed be one in
some cases), but its use is recommended in any system where correctness is of con-
cern, and even required when dealing with safety-critical and security-critical systems.

Why? Specifying something with mathematical basis is all about defining, restrict-
ing, delimiting objective straight-forward meanings. It is, intrinsically and heavily, a



63

process of Abstraction, abducting relevant pieces of the uncontrolled complexity of
real world to an absolutely controlled environment, where we have knowledge about
everything that might exist (the universe of the model) or happen (all events are ruled by
predefined structures). Systems are almost always compound structures made of sev-
eral different components, to specify them, good Decomposition and the related skills
are required. The behavioral, event side of the model must consider Algorithm skills,
since the lack of ambiguity is a pillar here. Data skills are all around the formalization
process, after all, it is about putting into specific data structures that supports math-
ematical techniques, enabling systematic visualization and then analyzing it. Once
specified, the system should have described all its features and behaviors, even if not
implemented or simulated, it is a Automation challenge to describe in such a self con-
tained manner. At last, probably the most heavily used skills in formal methods are
the Evaluation ones, because our main targets are correctness of specifications and
property checks.

Well-defined nightmare. Unfortunately, despite their benefits and success, formal
methods have been underused in real industrial and commercial solutions (KOSSAK
et al., 2014; BOWEN; STAVRIDOU, 1993). There are at least 14 misconceptions re-
volving around the formal methods that might be the blamed (HALL, 1990; BOWEN;
HINCHEY, 1995), but the main stigma carried by them is their spooky heavy math ap-
pearance. Finney (1996) points out that pioneers of programming used to have a solid
mathematical education and used to see programming essentially as an application of
math, which is not the case of current software engineers. With the advance of pro-
gramming languages, we left the context where programmers were essentially math-
ematicians. Consequently, the use of formal methods, which is grounded on math,
starts to have a hard time.

The best of both worlds. What if we could give our ugly scarecrow a nice looking
outfit? Could we get totally or at least partially rid of the spooky Greek letters and huge
theorems while still using formal methods? We should try to leave the heavy notations
for theoretical logicians and mathematicians but translate their models and findings into
something more friendly to use them without being mathematicians ourselves. What if
there was a formal method that could look as cute and innocent as comics? If the issue
relies on textual annoyance, such as logic notation, advanced math operators, unusual
symbols and Greek letters, our best bet is on visual alternatives, like graphs. We will
see a formal method based on graphs, the GG, as we head into the next section.

3.2 Graph Grammars: Leaving you with no words

Target. Graphs are familiar structures for most whose work is involved with CS or
simulations. But it may be completely new to some, there comes the aim of this section:
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to present the formal method that is based on graphs (GG) for dummies. For those
who might previously know Chomsky generative grammars (CHOMSKY, 2013) or Petri
Nets (PETRI; REISIG, 2008), it might help to see a GG as a generalization of one
of them. Consider replacing strings by graphs on Chomsky grammars (EHRIG et al.,
1997) or Petri Nets with dynamic changes over the system topology and references
between tokens (RIBEIRO, 2000), then you will basically end with a GG.

What does it do? A GG describes a system representing states of it as graphic
structures and simulating events (transitions between the states) by graph transforma-
tion rules. That means one can visually describe a system by means of its features
and behaviors by modeling them around graphs and mappings between graphs (called
morphisms), giving it an initial state and running from this starting point to verify all
states it could reach. That is the basic use of GG, to see if something might happen (if
a state might be reached), which may allow us to spot and avoid undesired states or to
certify that a desired behavior is able to happen using this system and initial state.

Graph. The most basic graphic structures that compose a state in this model are
vertices and edges, which are, essentially, dots and arrows. The focus here is on
relations. Bringing a concrete real world example of it, Figure 13 shows two different
maps of the same metro station: the underground of Rotterdam. As you can see, the
paths have different shapes and sizes, yet both represent the same thing. It happens
because metro maps have little concerns about real world fidelity of their distances and
shapes, the only that really matters to travelers are the relations (edges) between each
station (vertex): where it comes from, where it goes to and where they intersect so one
can change from one line to another.

Figure 13 – Two maps of Rotterdam metro system.
Source: Reddit (left map) and Metro-Mapa (right map).

Morphism. Harnessing the puns, it easy to map the left Rotterdam map into the
right, right? It is just to take a station from one and map it into the station with the
same name in the other. But what if they used different color schemes, had no names,
or included additional information such as all bus routes and stations too? You would

https://www.reddit.com/r/TransitDiagrams/comments/eki89g/rotterdam_metro_en_spoor_metro_and_railways/fde0hl0/
https://mapa-metro.com/pt/Holanda/Roterd%C3%A3o/Roterd%C3%A3o-Metro-Mapa.htm
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no longer readily tell which station is which, that is why we map the elements of one
into another. This is the concept of a graph morphism: an element-wise mapping from
a graph into another respecting the original sources and targets of edges. To give a
second example, let us model social network as graphs: the Graphbook, in which each
person is a vertex that stands relations (edges) such as friendship with others. Despite
a person being always itself, he/she will not look exactly the same on all photos, so you
must tag (map) yourself and/or your friends in various pics to tell the social network
that those faces belong to the same people.

Attribute. In order to connect graphs with other kinds of data, attributes may be
used. They are like an edge, but instead of defining a relation from a vertex to another,
it defines the relation from a vertex to a value. Think of the user profiles in our Graph-
book, they have a name, an age, a city where it was born, a city where it lives now,
a job and so on. The photos uploaded there have a publication date and a file size.
Therefore, attributes may define features of different kinds for the vertices in a graph.

Type. Graphbook models both, users and photos, as vertices, but I should not be
able to tag a photo into a photo or comment into a user. To differ things and restrict
their relations we set up types, that precisely defines what is what and what can do
what. The moment you create your account, your vertex is mapped into a profile type
so you can receive and establish all relations a profile can. The same apply to when
you upload a photo, its vertex is mapped into a photo type, allowing it to receive all
interactions photos can. Following this train of thought, in GG a type graph is defined to
differ and restrict graph elements (vertices, edges and attributes). Then we turn explicit,
in all graphs, which element is what by using a morphism from it to the previously
defined type graph.

Rule. The behavior of the system, that shapes what might occur within it, are de-
scribed by graph transformation rules. Think about those frames of “before and after”
that illustrates transformations through processes of makeup or muscle growth. The
idea behind transformation rules is the same, illustrate how something is before and
how it should be after its application. In GG it is made by means of graphs and mor-
phisms, and as usual in formal methods, the process shall be explicit, leaving little to
none to be inferred. Thus, a pair of morphisms1 is used to define what in “before” is
what in “after”, we refer to the graphs that represent each of those situations, respec-
tively, as the Left Hand Side (LHS) and the Right Hand Side (RHS). The elements kept
in the process are called preserved, they are all those related by the morphisms. The
old elements lost in the process are called deleted, they are all those in the LHS that
are not related by the morphisms. The new elements generated in the process are
called created, they are all those in the RHS that are not related by the morphisms.

1There are other approaches to do this rather than a pair of morphisms, but we are referring to the
one we used in this work. More details are given in subsection 3.3.
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Application. To get into another state in a GG, we apply a rule upon its current
state, locating the “before” graph (LHS) in the current state graph and locally trans-
forming it into the “after” graph (RHS). This process of finding the LHS in the current
state is called finding a match and is described by a morphism from LHS to the state
graph. Think that you have a family picture and that you want to change your face
there. First you will pick two pictures of you, a “before and after”, respectively without
and with makeup. Then you will track your face without makeup in the family picture by
putting the before pic on each family member face and see if any fits. Once found the
perfect match, you will replace your pic without makeup for the one with.

Forbiddance. Imagine that you only want to put makeup on your face in the family
picture if you are wearing a red shirt. To represent that, just include a red shirt to the
“before and after” pictures, which until here, were about your face only. But what if you
want to put the makeup only if you are NOT wearing a red shirt? A possible, but long
and tedious way to represent that is to have a rule for each possibility (each shirt color),
excluding the one you do not want (the red shirt). Fortunately, there is a better way to
describe those inverse logic behaviors, the Negative Application Condition (NAC). It
is an additional graph and morphism that denies the application of the rule even if a
match is found. In our example we would add a NAC picture that is the “before” with
the addition of a red shirt to the original rule (which contains only the face).

Coding Analogy. That is it, defining different types in a type graph, different be-
haviors in a rule set and a starting state as an initial graph we have a GG. For those
familiar with traditional commercial programming languages we may build an analogy:
graph elements would be the variables and rules the functions, where the LHS would
be the parameter list and the RHS the return. Thus, finding a match and applying a
rule is like calling a function passing arguments. This is just an analogy to clarify the
basic notions of GG, there are fundamental differences, but should help opening the
path to understanding how a system modeled by a GG works.

3.3 Formally Introducing GG

Target. Nothing less than mathematically precise definitions are expected for a
formal model like GG. That is the aim of this section, to present all the underlying
formal definitions that grounds the model we are proposing as a viable alternative way
to foster CT skills. Formal definitions are showed in special frames, titled and referred
by the abbreviated form of its name or by an important term introduced in the definition.
In the definition, terms highlighted in bold are the extended form of terms being defined.
Definitions are followed by a standard paragraph about their visual representation and
notations that offers an example for each definition. A related image always succeeds
the standard paragraph exemplifying what was just defined.
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Sources. The definitions presented here are not new, they are taken from stan-
dard references of the area (EHRIG et al., 1997; CORRADINI et al., 1997; EHRIG;
PRANGE; TAENTZER, 2004). Most adapted from (CAVALHEIRO; FOSS; RIBEIRO,
2017), wherein typed attributed graph grammars with negative application conditions
are presented. To summarize the formal definitions for those who are familiar with GG,
we are using the algebraic approach for GG, relying on Double Pushout (DPO) for
graph transformations and injective morphisms.

Definition 1 – Graph:

A graph is a tuple G = (VG, EG, srcG, tgtG), where VG is a set of vertices, EG, a
set of edges and srcG, tgtG : EG → VG are total functions that define, respectively,
the source and target vertex of each edge.

Visual representation and notation. Each vertex has its own, free, visual rep-
resentation. Each edge also has its own visual representation, but it is always repre-
sented as an arrow-shaped image. The source and target functions are implicitly rep-
resented by the spatial arrangement of the elements (each edge is positioned pointing
to its target, from its source). A Graph is portrayed as a round-edged box with its
vertices and edges inside. Element overlapping is avoided to keep each element dis-
tinguishable. Optionally, a label can be shown outside the box to identify the Graph.
The Figure 14 shows the example graph T = (VT , ET , srcT , tgtT ), where:

• VT = { bear, snake, land };

• ET = { way, at1, at2 };

• srcT = { way 7→ land, at1 7→ bear, at2 7→ snake };

• tgtT = { way 7→ land, at1 7→ land, at2 7→ land }.

Figure 14 – Visual representation of a graph.
Source: Created by the author.
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Definition 2 – Morphism:

A graph morphism f : G → H from a Graph G to a Graph H is a pair f =
(fV , fE), where fV : VG → VH and fE : EG → EH are total functions, such that
fV ◦ srcG = srcH ◦ fE and fV ◦ tgtG = tgtH ◦ fE. We call a graph morphism
injective iff fV and fE are injective functions.

Visual representation and notation. A Morphism between two Graphs is implic-
itly given by the visual representation of each element. When there are elements with
the same representation (and the same source and target, if edges) in a Graph, unique
labels can be made explicit to avoid ambiguity. The Figure 15 shows the example ex-
plicit morphism typing : G→ T = (typingV , typingE), where G = (VG, EG, srcG, tgtG):

• VG = { tim, curPos, adjPos };

• EG = { isAt, goEast, goWest };

• srcG = { isAt 7→ tim, goEast 7→ adjPos, goWest 7→ curPos };

• tgtG = { isAt 7→ curPos, goEast 7→ curPos, goWest 7→ adjPos };

• typingV = { tim 7→ bear, curPos 7→ land, adjPos 7→ land };

• typingE = { isAt 7→ at1, goEast 7→ way, goWest 7→ way }.

Figure 15 – Visual representation of an explicit graph morphism.
Source: Created by the author.

Attributes. We can merge data and the graphic structures of a GG using the con-
cept of attributes. We use algebra specifications to define sorts and algebras to define
values (and operate them). The following definitions of attributes rely on some basic
concepts of algebra specification that we introduce on the next paragraph.

Algebra. A signature SIG = (S,OP ) is a set of sorts S and a set of constants and
operations symbols OP . Let X be a set of variables (of sorts ∈ S), the set of terms
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over SIG is denoted as TOP (X) (it is defined inductively establishing that all variables
and constants are terms, and all possible application of operation symbols in OP to
existing terms are terms too). An equation is a pair of terms (t1, t2), and it is usually
denoted by t1 = t2. A specification is a pair SPEC = (SIG,Eqns), where SIG is a
signature and Eqns is a set of equations over SIG. An algebra for the specification
SPEC, or SPEC-algebra, has: a set for each sort symbol of SIG which we call carrier
set; and a function for each operation symbol of SIG such that all the equations in
Eqns are satisfied (an equation satisfaction is checked by replacing all of its variables
for corresponding values of the carrier sets and verifying if the equality holds, for all
possible replacements). Given two SPEC-algebras, an homomorphism between them
is a set of functions mapping the respective carrier sets that fits all functions of its
algebras. The disjoint union of all carrier sets of the algebra A is a set denoted by
U(A).

Definition 3 – Attribute:

Given a specification SPEC, an attributed graph is a tuple AG =

(G,A,AttrG, valG, attrvG), where G = (VG, EG, srcG, tgtG) is a Graph, A is
a SPEC−algebra, AttrG is a set of elements called attributes, and valG :

AttrG→ U(A), attrvG : AttrG→ V ertG are total functions.
An attributed graph morphism g from the Attributed graph AG to the At-
tributed graph AH is a tuple g = (gGraph, gAlg, gA), where gGraph = (gV , gE) is
a graph Morphism, gAlg is an algebra homomorphism and gA : AttrG → AttrH

is a total function between the respective components that fits the attribution,
such that:

gAlg ◦ valG = valH ◦ gA and gV ◦ AttrvG = AttrvH ◦ gA
We call an attributed graph morphism injective iff all of its components are in-
jectives.

Visual representation and notation. Each Attribute also has its own visual rep-
resentation, but it is always represented as a dashed arrow-shaped image pointing to
a value. In order to maintain the visual representation of graphs clean, in state graphs,
we omit 0 valued attributes. When referring to a visual representation, we use: bold
text for vertices; underline for edges; and a italic for attributes. The Figure 16 shows
different attribute representations and their meanings. The leftmost graph represents
fruits, seeds, plants and trees as vertices, while the graph next to it presents them as
attributes, showing distinct arrows to each type of attribute. The Figure 16 also shows
the example graph AG, now each land has an attribute to count its number of trees.
The bear is at the current position that has 0 trees, a way and a way back to the
future position, which has 3 trees.
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Figure 16 – Visual representation of attributes.
Source: Created by the author.

Definition 4 – Type:

Given a specification SPEC, an attributed type graph is an Attributed graph
AT = (T,A,AttrT, valT, attrvT ), where all carrier sets of A are singletons.
A T-typed attributed graph is a tuple AGAT = (AG, tG, AT ) where AG is an
Attributed graph and tG : AG → AT is an Attributed graph morphism called
typing morphism from AG to AT .
A T-typed attributed graph morphism from AGAT to AHAT is an Attributed
morphism fAT = (fATGraph, f

AT
Alg , f

AT
A ) with the graph Morphism fATGraph : AGAT →

AHAT = (fATV , fATE ), such that fATGraph and fATA relates only elements of the same
type, that is: tAGV

= tAHV
◦ fATV ; tAGE

= tAHE
◦ fATE ; and tAGA

= tAHA
◦ fATA

Visual representation and notation. Attribute values in the Type graph are dis-
played as a label that names its sort. T-Typed graphs have its typing morphism im-
plicitly given by the visual representation of its elements. To avoid ambiguity, a Type
graph will never have two elements with the same visual representation. The Figure 17
shows an example Type graph AT , that defines: there can be snakes, bears and
lands; bears and snakes can be at lands; lands can have ways between them; lands
can have a number of trees; and a number of plants.
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Figure 17 – Visual Representation of a type graph.
Source: Created by the author.

Definition 5 – Span:

A T-typed attributed rule span is a tuple α = (αL, αR), where αL : AKAT →
ALAT and αR : AKAT → ARAT are T-Typed attributed injective graph mor-
phisms over the specification (SIG, ∅), where SIG = (S,OP ). Let X be a
set of variables of sorts ∈ S, we call ALAT = (AL, tL, AT ) the LHS, where
AL = (L, TOP (X), AttrL, valL, attrvL) and ARAT = (AR, tR, AT ) the RHS,
where AR = (R, TOP (X), AttrR, valR, attrvR), in which the algebra component
is the identity of the term algebra TOP (X), rng(valL) ⊆ X e rng(valR) ⊆ X (the
algebra remains unchanged by rule applications, the LHS and the RHS attributed
graph components have variables only). We call AKAT the Context, which is the
intersection of the LHS and the RHS attributed graph components.

Visual representation and notation. We represent a rule Span by its LHS, its
context (K) and its RHS, with arrows between the graphs representing the Morphisms,
αL from K to LHS and αR from K to RHS. The Figure 18 shows the example rule Move,
that defines:

IF a bear is at a current position that has a way (and a way back) to a future posi-
tion;

THEN the bear will be at the future position after applying the rule.
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Figure 18 – Visual Representation of rule span.
Source: Created by the author.

Definition 6 – Rule:

Given a specification SPEC = (SIG,Eqns), a T-typed attributed rule with
NACs over SPEC is a tuple ar = (α,X,REqns,AN(α)), where α is a T-typed
Span with the LHS ALAT , X is a set of variables over the sorts of SPEC, REqns
is a set of equations using terms of TOP (X) and AN(α) ⊆MOR(ET ) is a set of
NAC.MOR(ET ) denotes the set of all T-Typed attributed graph morphisms over
the specification (SIG, ∅) from ALAT to T-Typed attributed graphs (containing
only variables as attribute values) that aren’t isomorphisms such that the algebra
component is the identity.

Visual representation and notation. We represent a Rule with NACs with a graph
for each of its NACs, its LHS and its RHS. From LHS to RHS we draw an arrow, over
which we display a label that names the rule. Under the arrow we expose all equations
that compares the LHS variables with value conditions and the LHS variables with
the new value expressions. To clear the representation, we omit equations of LHS
variables that could be any value. NAC as its target graph, but with a dashed box. And
it is pointed by an outlined arrow from a LHS graph. Over the outlined arrow, we display
a label that names the NAC. The Figure 19 shows the example rule Gather, where the
LHS, the RHS and the NAC Fear defines, respectively:

IF a bear with fl fruits is at a place that has t trees;

THEN the bear will have fr fruits after the rule application;

UNLESS there is a snake at the place;

WHERE t must be greater than 0 and fr is the successor of fl .
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Figure 19 – Visual representation of a NAC.
Source: Created by the author.

Definition 7 – Match:

Let SPEC = (SIG,Eqns) be a specification, ar = (α,X,REqns,AN(α)) be
a Rule over SPEC that has the LHS ALAT = (AL, tL, AT ) where AL =

(L, TOP (X), AttrL, valL, attrvL), AGAT be a T-Typed attributed graph, mAT =

(mAT
Graph,m

AT
Alg,m

AT
A ) be a T-Typed attributed graph morphism where mAT

Graph =

(mAT
V ,mAT

E ), and lATj ∈ AN(α) be a NAC. We say that mAT satisfies the NAC
lATj = (lATjV , l

AT
jE

) : ALAT → ALATNACj
if it satisfy the following condition:

ALATNACj

nAT %%

ALAT

mAT

��

lAT
joo

AGAT

There is no injective T-Typed attributed morphism nAT = (nATGraph, n
AT
Alg, n

AT
A )

where nATGraph = (nATV , nATE ) : ALATNACj
→ AGAT such that

nATV ◦ lATjV = mAT
V and nATE ◦ lATjE = mAT

E

A T-Typed attributed morphism mAT satisfies all the NACs of a rule if it satisfies
each NAC of the rule individually.
A match m of ar into AGAT is an injective T-Typed attributed morphism mAT :

ALAT → AGAT that satisfies all the NACs of ar and where ALAT = (AL, tL,AT )

such that AL = (L, Teq(X), AttrL, valL,AttrvL), where Teq(X) is the algebra
obtained by building the terms algebra quotient of the specification (SIG,Eqns∪
REqns) using the set of variables X, and ∀a ∈ AttrL, valL(a) = [valL(a)].

Visual representation and notation. We represent a Match as its target graph
followed by the Span of its Rule. The target graph is pointed by a green arrow from
the LHS, over the arrow we display a label that names the Match. Inside the graphs,
unique labels number all LHS elements and their respective targets in the target graph
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according to the match. Figure 20 shows the example matches m1 and m2, both from
the Rule Move to the T-Typed attributed graph G, defining that:

Move’s bear MATCHES G’s leftBear ACCORDING TO m1 (1)
Move’s isAt MATCHES G’s isAtL ACCORDING TO m1 (2)
Move’s curPos MATCHES G’s leftLand ACCORDING TO m1 (3)
Move’s wayBack MATCHES G’s wayBack ACCORDING TO m1 (4)
Move’s way MATCHES G’s way ACCORDING TO m1 (5)
Move’s futPos MATCHES G’s rightLand ACCORDING TO m1 (6)
Move’s bear MATCHES G’s rightBear ACCORDING TO m2 (1)
Move’s isAt MATCHES G’s isAtR ACCORDING TO m2 (2)
Move’s curPos MATCHES G’s rightLand ACCORDING TO m2 (3)
Move’s wayBack MATCHES G’s way ACCORDING TO m2 (4)
Move’s way MATCHES G’s wayBack ACCORDING TO m2 (5)
Move’s futPos MATCHES G’s leftLand ACCORDING TO m2 (6)

Figure 20 – Visual representation of matches.
Source: Created by the author.

Pushout. We use the DPO approach (CORRADINI et al., 1997) for rule applica-
tions, which defines the application effect by two pushouts where the first deletes ele-
ments and the second one creates. Here, the pushouts are in the category of T-Typed
Attributed Graphs and total Morphisms (CAVALHEIRO; FOSS; RIBEIRO, 2017). A
pushout is an amalgamated sum, a commutative square of two morphisms with the
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same origin followed by two morphisms with the same target. Thus, an object P is
made by the disjoint union of A and B guided by the morphisms O → A, O → B, A→ P

and B → P . Additionally, for applying rules we verify the dangling condition. We say
that a Match mAT satisfies the dangling condition if there is no edge e ∈ EG−mAT

E (EL)

that has as its source or target a vertex in m(VL − αTLV
(VK)) and there is no Attribute

that will be deleted and is not specified by the rule.

Definition 8 – Rule Application:

Let ar be a Rule that has the LHS ALAT and the RHS ARAT , AGAT be a T-
Typed attributed graph, and mAT be a Match of r into AGAT . A rule application

AG
arAT ,m
=====⇒ AHAT is defined by the Pushouts (1) e (2) in the category of T-Typed

Attributed Graphs and total Morphisms.

ALAT

(1)m
��

AKAT

��

αAT
Loo

αAT
R // ARAT

��
AGAT ADAT

(2)

oo // AHAT

The Figure 21 displays the DPO of the the example Rule Application G (Move,m)
======⇒ H

with arrows representing morphisms and the following graphs:

L, the LHS, which includes elements to be deleted by the rule;

K, the Context, which includes elements to be preserved by the rule;

R, the RHS, which includes elements to be created by the rule;

G, the state graph, target of the Rule Application (and its legal match);

D, the pushout complement, with the preserved elements and all the elements in the
state graph that aren’t target of the legal match; e

H, the derived graph, the result of the rule application over G;
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Figure 21 – Visual representation of a DPO.
Source: Created by the author.

Definition 9 – Graph Grammar:

A T-typed attributed graph grammar with NACs is a tuple G = (T , G0, R),
where T is an attributed Type graph, G0 is a T-Typed attributed graph called
initial graph and R is a set of T-typed attributed Rule.

3.4 The underlying CT

Target and Recap. We started this chapter with an overview on Formal Methods
and why they are interesting to foster (Specific) Computational Thinking. Follow-
ing, we have discussed the Achilles’ heel of formal methods and introduced GGs as
an alternative to circumvent that problem. As expected from a formal language, we
presented all the formal definitions needed to have a Graph Grammar, using NACs
and following the DPO algebraic approach, injective Matches and the category of
Typed, Attributed Graphs and total Morphisms (CAVALHEIRO; FOSS; RIBEIRO,
2017). Here, we are going deeper into the relations of, specifically GGs, and (Spe-
cific) Computational Thinking, which stands in addition to the relations of general
Formal Methods and CT. Those relations ground our approach to foster CT, Graph
Grammars for developing and assessing Computational Thinking (GGasCT).
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Text Organization. We are going to discuss each (Specific) Computational
Thinking Skill individually on their own subsections, which are all are divided into five
standard paragraphs each. In the first standard paragraph of each subsection we dis-
cuss how the Skill is reached while executing a GG, by executing we mean a student
is running a GG, applying Rules to derive its state. The second standard paragraph
is about designing, meaning a student is creating, defining a GG or its components.
The third is about analyzing, and here we use this term in a broader sense, meaning
whenever a student is observing, studying, having contact with or gathering information
about a GG, but not interacting with it, not altering it. The fourth is about assessing,
where we discuss how the Skill can be traced by means of GG and students’ re-
action/behavior facing it. The fifth is about other topics, any remaining content that
revolves around the Skill and did not fit in the previous paragraphs.

3.4.1 GG for Abstraction

Abstraction while executing. The idea behind finding a Match for a Rule Appli-
cation is selecting the necessary elements for the event of interest at a given time. This
is basically the formalization of the process of Abstraction itself, where the elements
compatible to the ones in the LHS are abducted, while the rest of the target graph is
abstracted away. Not just the underlying idea, but the matching process itself draws on
treating LHS elements as generic, abstract elements that could be matched at multiple
individual, concrete elements in the target graph.

Abstraction while designing. Graphs rely on simple structures such as vertices
and edges that have little to no meaning on their own. The task of signifying them is
left entirely to the designer, this freedom allows it to define the degree of abstraction
that will be used. A whole complex organism, society or mechanical system can be
simplified down to a dot (a vertex) or be described by countless different components
each with its own features and behaviors, sustaining a intertwined web of relations
between them. This abstraction dosage is up to the modeler and highlighted when
dealing visually with the things he/she is designing.

Abstraction while analyzing. Graph Grammars always keep information dis-
posed in a holistic manner, just like we build flowcharts to better visualize our solutions
as a whole, GGs offer that at all times. Increasing complexity has an obvious and
instantaneous visual feedback. As the visual representation of the elements always
exists in a space (usually a two-dimensional one), visual pollution and spatial issues
like overlapping and lack of routes to avoid intersections highlight the complexity as it
grows.

Abstraction while assessing. The students’ performance on finding Matches
roughly reports to their ability to find patterns and to select relevant information, both
core concepts of Abstraction. Perhaps the most objective assessment, checking for
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useless elements that serves no semantic purpose on Rules designed by the students
grant a direct indicator of the ability to abstract.

Other topics on abstraction. When we remove textual concerns from the model,
leaving it purely visual we are abstracting natural languages, going from linguistics to
semiotics in order to express and comprehend. GGs may help breaking a barrier on
communication, illustrations connect their meaning directly to our senses (vision) rather
than to a construct of an abstraction (words of natural languages), that is why we use
to appeal to mimics and drawings when having a hard time to talk with somebody.

3.4.2 GG for Decomposition

Decomposition while executing. Rule Applications are local, they transform
a subgraph (a part) of the current state graph, which, in turn, changes the whole.
Interrelations are always in check in order to find a Match, while our goal is generally
to prove a property of the system. That is, we operate over parts to tell something
about the whole, both view points (local and global) are required and should remain
constantly swapping on someone that is handling a Graph Grammar. Hardly if ever
GGs will rely on a Rule with very specific, unique use that will be used once, they are
usually built over the concept of generalization to enable reuse. Executing a GG will
generally involve reapplying the same rule over and over, with different Matches.

Decomposition while designing. Counting on a constant, holistic visualization
of the elements and their relations may also lead one to perceive clusters of heavily
related elements in relative isolation from the rest, what might lead to redesign by
unifying those elements into a single unit that represents them all together. Or one
could realize that a unit stands too many relations in different ways, that they should
be better directed, then a redesign to break it down into pieces might pop up. As the
events that could happen in a GG are led by Rule that usually describes the behavior of
parts, we are hardly if ever directly describing behaviors of the whole, usually appealing
to emergence to reach them.

Decomposition while analyzing. Graphs are designed over vertices and edges,
the focus on units and how they relate themselves is central. If a system is represented
by means of Graphs, the one thing highlighted the most in this model is its interrelation-
ship, with various arrows (edges) popping out of everywhere. Consequently, clusters
and how they interact with the rest are for show, easing to spot and unravel interfaces
and groups that behave isolated in harmony as a unit.

Decomposition while assessing. If our problems, goals and solutions are de-
scribed by means of Graphs and Rule Applications, students might organize them-
selves looking for subgraphs. Test them with huge graphs, see if the learners can break
it down into subgraphs, so they find a sequence of Rule Application to reach it and
reapply the sequence, and/or integrate it with other sequences for other subgraphs that
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together compose the huge one. To explore interrelationship, try to confront the student
with Rule Applications that they didn’t control (it could come from another student or
at random), so they must reevaluate on the fly. It might hint about his/her awareness of
the consequences of each Rule, how it affects what he/she could do next.

Other topics on decomposition. A target when running a GG is often a com-
plex state – a goal situation in a game/simulation or a state to be proved reachable or
non-reachable in a formal verification. Having a complex target state guiding the whole
execution might stimulate Decomposition, iteratively looking for states that are par-
tially equivalent to the target (acquiring just some elements of it) will usually be a better
strategy. Additionally, Rule Applications are intrinsically decomposed: there must be
an LHS analysis; then a state graph analysis to find a Match; then each NAC analysis
to check prohibitions; and only then the graph transformation (which, in DPO approach
is divided again, first deletion and second creation).

3.4.3 GG for Algorithms

Algorithms while executing. As expected from a formal language, ambiguity gets
eliminated of the Rule Application process, one might explicitly state each of the ele-
ments being mapped by the Match Morphism. From this statement, there is no other
possible interpretation, it is an unambiguous step being defined. However, executing
a Graph Grammar is about defining an Algorithm by means of a set of Rules. The
execution of a GG, by default, is not sequential unless there is dependency between
the rules. If the execution will be parallel depends on the implementation, but GGs are
theoretically a parallel model by nature.

Algorithms while designing. When it comes to design, GGs fights ambiguity from
the very beginning. It starts with the Type Graph, that will be used to specify exactly
what is what and which relations are allowed in the GG. Then it follows through the
initial Graph, that will ensure the exact configuration from which the system starts. But
the most important thing is that we face another paradigm when designing a GG. The
set of Rules shall be designed thinking not about the sequences of Rule Applications,
but about their dependencies and conflicts, since the GG is naturally parallel. So, if you
want to establish order between the Rules, you must do so by forcing dependency
between them, i.e. the rule 2 must need something that rule 1 generates. In terms
of Graph Grammars, rule 2 must have in its LHS, an element of the rule 1 RHS.
Take care, if a Rule other than rule 1 also generates the element rule 2 needs, or the
initial graph contains this element, rule 2 may be applied before or together with rule 1,
breaking the intended order.

Algorithms while analyzing. To prove that a given state is reachable in a Graph
Grammar we might explore the state space, iteratively checking all possible states
from each state. Conveniently, this is usually represented as a graph, where each
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vertex represents a state and each edge represents a Match. That graph ultimately
represents all possible algorithms for the given Graph Grammar, generally being huge
or even infinite. Because of that, this graph is generated by automatic tools, sometimes
with restrictions to help controlling the exponential explosion of states. But that graph
is a very illustrative way of what we want to do while dealing with a GG, even if locally
and mentally, we basically want to travel through that state space graph looking for the
most convenient next states. Keep in mind that the edges are Matches, needless to
say, choosing a path there is building up an algorithm.

Algorithms while assessing. The “parallel by default” approach that GGs bring
is a good opportunity to put students in touch with parallelism. See if they are able to
spot the dependencies between Rules or find critical pairs (conflicting Rules). Try to
explore situations that could cause a deadlock and see if the learners will avoid them.
Regardless of parallelism, you may change the point of view to get back to the tradi-
tional imperative paradigm, considering Rules as functions and Rule Applications as
function calls, where the Match would be the parameter list. This way you will be able
to assess a sequence of Rule Applications just like you would assess a commercial
programming language code.

Other topics on algorithms. Although commonly taught flow of control structures
like sequences, loops and conditionals are not particularly highlighted by GGs, their ex-
ecution does allow the use of those structures. Noteworthy, conditionals are presented
in a very unique and characteristic way, being inferred by the LHS and NACs. Rou-
tines (even coroutines) can somewhat be designed by means of sequences of Rule
Application and subroutines (which could lead to recursion). The nature of control in
a GG depends on the implementation, if we automatize the Match looking process it
behaves as a declarative language, otherwise, we shall command its execution through
defining each Match, turning it a imperative language.

3.4.4 GG for Data

Data while executing. As long as we are operating upon Graphs, it is very likely
that we will be concentrating our efforts into manipulating relations, since the data
structure of a Graph highlights units and their relations. Again, GGs are heavily vi-
sual, thus, it not only present a new point of view to data (the focus on relations), but
intrinsically foster one of the main Data skill expressions: visualization. Additionally,
Attributes allow us to deal with virtually any kind of data structure on its own terms,
while still attached and interacting with the graphic elements of a Graph.

Data while designing. While defining a Graph Grammar one will always start by
defining the units of information (vertices and edges) that will compose the system. A
single unit of information, a datum, is the core concept underlying Data, being able to
describe information as a finite arrangement of discrete units is its very definition. More
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than that, as a visual language, visualization is always a top concern when designing
a GG. It is that so because visualization is heavily intertwined with the execution. If
you can’t visualize well a GG, you can’t execute it, since Rule Applications rely on
Matches.

Data while analyzing. At this point, it might sound repetitive, but the visual and
holistic aspect of GGs, always disposing all elements right before our eyes, power up
analysis. Pattern recognition is facilitated, clustering, categorizing and so many other
analytic tasks may rely solely on a visual perspective. But here comes the great triumph
of GG, it is not only visual, but formal too. Beyond visualization we are able to use its
well-defined nature as an advantage to analyze and even prove things.

Data while assessing. Graphs are data structures themselves and the central
concept of GGs. Assessing the students’ ability to comprehend, manage and create
Graphs is assessing an instance of a core part of the students’ Data ability: data
structures. Try to make the learners migrate from other data structures to Graph to
assess its capability of transforming information, shaping it into multiple structures.
You may make good use of Attributes on this task, keeping it as a bridge to other
kinds of data.

Other topics on data. Despite their general purpose, graphs as a data structure
offer a great variety of well known particular problems, while parenting other data struc-
tures. Introducing the traveling salesman, linked lists or binary trees are common ways
to approach graphs. Graph Grammars may be seen as a way to program graphs,
granting their structures behaviors, granting a graph system interactivity.

3.4.5 GG for Automation

Automation while executing. Automation as we have defined is a binary op-
eration, it must have a second element to be automated, be it a tool or a complex
agent. On the edge, we could consider someone’s consciousness as something sep-
arated from the rest of the body to say that you can “automate yourself” developing
reflexes and anything that does not consult your consciousness. This is being put to
highlight that Automation is tied to the thing being automated. If we use tools like
GROOVE (RENSINK, 2003) or AGG (TAENTZER, 2003), to automate the execution
becomes as simple as defining the Graph Grammar itself. If we use agents or any-
thing else, we need to teach them the processes of a GG and it will automatically know
how to execute any well-defined GG.

Automation while designing. As already mentioned, a GG implementation ulti-
mately could turn it a declarative language, which is the best fit for Automation. When
Matches are automatically found we shall keep an eye on the non-determinism it might
trigger. The whole dynamic of having awareness and control over non-determinism can
be considered an Automation skill, since non-determinism comes from factors we do
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not guide or get to decide.
Automation while analyzing. At the very bottom of any formal method, their de-

scription and execution are reduced to calculations. That means Computer machines
can offer great help, since that is what they do after all, they calculate. But much of
analysis may not be previously known or well-defined to be reduced to calculations,
that is where humans play. The issue is that humans does not nearly read and operate
over numbers as fast and error-free as machines does, they are more calibrated to
answer visual stimuli. Graph Grammars may shine with the best from both worlds, us-
ing a machine to automatically calculate Matches and states while humans can easily
read them as meaningful images in spatial arrangements on the screen.

Automation while assessing. Automation is best assessed upon design, there
is little information that can be drawn about the students’ ability to automate solutions
when he/she is simply running something that was already automated by someone
else or that is not autonomous at all. While analyzing they may have some related
insights, but they are likely to be design ideas anyway. So, try to find on the GG your
students designed signs of self-containment, if possible, let they all run randomly on a
machine. The more the systems described by the GGs progress without the aid of new
inputs, the better the Automation skill of its designer. Compare the results of letting
each GG run for a given time, see if the systems get stuck or get messy.

Other topics on automation. Several GG tools are used for defining and au-
tomating formal analysis like model checking, theorem proving, critical pairs and con-
straint satisfaction. Some of them are GROOVE (RENSINK, 2003), AGG (TAENTZER,
2003), ATOM3 (DE LARA; VANGHELUWE, 2002), AUGUR (KONIG; KOZIOURA,
2008), GReAT (BALASUBRAMANIAN et al., 2007), GrGen (GEISS et al., 2006),
PROGRESS (SCHURR; WINTER; ZUNDORF, 1999) and Verigraph (AZZI et al.,
2018). We mention those tools to turn explicit the potential for automating GGs.

3.4.6 GG for Evaluation

Evaluation while executing. Executing a Graph Grammar is compulsorily an
Evaluation task, because the Match is required. In a GG you can’t disassociate an
operation or action from examining its context or environment, given that the only way
the system is going to alter its state is through a Rule Application.

Evaluation while designing. Defining a Graph Grammar from the scratch gives
the designer a clear awareness of the internal procedures of the system, enhanced
by its visual prowess. It might guide and shape the design process by premeditating,
on the fly, the consequences of each element being defined. This ability to know how
something happened in the system is what we discussed as debugging. In a GG,
absolute control is kept, the modeler will define the universe of the system in the Type
Graph and all possible events in a set of Rule. This does not mean error free, but
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means everything is previously known, no surprise external actions will intervene. So,
if something unexpected happened, it is guaranteed that we could find how and/or why.

Evaluation while analyzing. Analysis and evaluation are words we have admit-
tedly used interchangeably, that means Evaluation is so massive in GGs that it be-
comes transverse to all other CT lines. It should be expected, since it is a formal lan-
guage mainly used for formal verification, an advanced, systematic Evaluation task.
Therefore, GGs might be a good alternative to introduce students to high end Evalua-
tion, using formal methods for verifying properties such as safety and security.

Evaluation while assessing. One easy way to assess evaluation is through ef-
ficiency, try to look for: resource optimization (using less elements to represent the
same thing without losing relevant information); processing optimization (using simpler
Rules, that requires easier, smaller Matches); and algorithm optimization (using less
Rule Application). So, always try to offer your students a problem that is open to
a wide variety of solutions, with different costs (as the total number of elements con-
sumed by the Rules), accuracies (as the similarity of the resulting graph to a goal,
previously defined one), elegancies (as the simplicity of the Rules and Graphs used)
and/or speeds (as the total number of Rule Applications).

Other topics on evaluation. Formally, explicitly using GGs for model check-
ing (verifying correctness of properties) or theorem proving (CAVALHEIRO; FOSS;
RIBEIRO, 2017), might be an interesting way to foster Evaluation. The practical ex-
amples of using GG that follows in the next chapter have as main goals to find a certain
state in a given GG, which revolves around analyzing the best sequence of Rule Ap-
plications to reach it and constantly reevaluating it as the state changes.



4 GGs at WORK

Target. The theory has been grounded in the previous chapters. Now let us get to
the practice. How can we approach an advanced math such as formal methods when
dealing with kids? Can we successfully introduce GG into basic education or it must
be done later? In this chapter we are giving real examples of GG games and tools
currently being applied on k-12.

Text Organization. The first section presents a board game, showing that even
without the aid of machines we can make use of GG. The second section presents the
digital version of the game from the previous section, adding data acquisition systems
to improve assessment or monitoring of the students progress and performance. The
third section presents a tool for making and running GG games, allowing the exploration
of designing aspects of GG and creation of thematic, diverse GG games.

4.1 Unplugged GG

Target. What a GG could look like when applied to a real situation? Beyond the
theory, what and how things can be simulated by it? In this section we are presenting
an educational board game called “The Last Tree” that was developed prior to this
work, but based the digital version developed during this work that we are presenting
afterwards. In addition, it contributes to this work by showing how GG can address CT.
In the game you manage a Graph following Rules aiming to find a specific state before
your opponents find theirs. That is neither more nor less than a Graph Grammar,
accordingly its gameplay revolves around finding Matches. Furthermore we talk about
the process of creation and underlying educational theories, as well as we present an
experience report and discuss the students behavior and feedback. At the end of this
section, we expect the reader to have a clear vision of a solid example of using GG in
the classroom, i.e. understand how the game works, why is it theoretically worth it and
how students might react to formal languages such as GGs in practice.

Educational games. From all teaching and learning strategies, educational games
stand out due to its potential to keep the learner in an optimal engagement (GARRIS;
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AHLERS; DRISKELL, 2002), a state called Flow (NAKAMURA; CSIKSZENTMIHALYI,
2009). As shows the Figure 22, the zone located between boredom and anxiety, the
so called state of Flow (CSIKSZENTMIHALYI; CSIKSZENTMIHALYI, 1992), is where
involvement is maximized. As stated by HIREMATH et al. (2015), this concept is widely
used in game design because it is reached when the player is as challenged as it is
able to answer it, in turn, balancing the task difficulty against the player capability is a
game design task by nature. As concluded by (BOYLE et al., 2016), educational games
has considerably increased the number of positive results analyzed and reported within
the scientific community, proving themselves as viable educational approaches.

Figure 22 – State of Flow.
Source: (HIREMATH et al., 2015), which adapted from (CSIKSZENTMIHALYI;

CSIKSZENTMIHALYI, 1992).

Unplugged activities. The so called Unplugged activities are meant to teach
computation without using the computer (machines) (BELL et al., 2009). Brazil has
particularly presented a significant number of unplugged activities targeting (General)
Computational Thinking (BOMBASAR et al., 2015; ZANETTI et al., 2016; BORDINI
et al., 2017; ORTIZ; PEREIRA, 2018). Among the advantages of unplugged, they can
be used to avoid common problems of ICT and CS education, such as infrastructural
issues (no computer labs or internet connection) and the lack of proper digital train-
ing/ability of teachers (SILVA; SANTOS, 2017).
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Methodology. Despite the validity of games in education within the scientific com-
munity, BATTISTELLA; WANGENHEIM (2016) review educational games in CS, ex-
posing that only a very small portion of them (6 out of 107 selected papers) explicitly
presents a non-ad hoc methodology for its development. As an effort to revert that data,
BATTISTELLA (2016) provides a method for developing educational games in CS, the
EducatioNAl GamEs Development (ENgAGED) process. It is grounded on golden
standards of instructional design and game design theories, such as ADDIE (BRANCH,
2009), Bloom’s Taxonomy (BLOOM et al., 1956) and Kirkpatrick’s four levels of evalua-
tion (KIRKPATRICK; KIRKPATRICK, 2006) and is summarized as shown on Figure 23:
instructional unit analysis (1) and project (2), educational game development (3) as
game analysis (3.1), concept (3.2), design (3.3), implementation (3.4) and test (3.5),
followed by instructional unit execution (4) and evaluation (5). A more thorough de-
scription of the process is given in (SILVA JUNIOR, 2017), this was the method used
for developing our GG educational game: The Last Tree.

Figure 23 – ENgAGED process for developing educational games on computing.
Source: Created by the author, adapted from (BATTISTELLA; WANGENHEIM, 2016).

The Last Tree. Animals from a freshly deforested jungle try to revitalize their home
from the very last standing tree. That background story is unfolded in a turn-based
strategy board game modeled by a Graph Grammar that simulates the deforest jun-
gle, its last tree and up to four animals role played by the players (SILVA JUNIOR;
CAVALHEIRO; FOSS, 2017a). As shown in Figure 24, the board is the state Graph,
initialized by four empty lands with paths between them and a central land that con-
tains the last tree and four animals: bear, snake, wolf and bird. There are six possible
actions modeled as Rule portrayed in the board tree as its branches.
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Figure 24 – The Last Tree board at its initial configuration.
Source: Adapted from (SILVA JUNIOR, 2017).

How to play. At the start of the game, each player draws a card that contains a
Graph with a specific combination of elements, it will be the goal of the respective
player to find this combination in the board. Figure 25 presents all goal cards, for
instance, the first one defines that if the player finds a land with 3 seeds that has a
path to another land with other 3 seeds he wins. The possible elements that show up
in the game are part of the plant life and reproduction cycle: seeds, plants, trees and
fruits. Those elements can be acquired or consumed by actions modeled as Rule,
forming the cycle showed in Figure 26. The gameplay is as simple as each player
finding a Match for a Rule Application on its turn, then passing the turn to the next
player. The game ends when a player is able to find a Match of its goal, then he/she is
the winner.

Building the gameplay. The entire development process can be read at (SILVA JU-
NIOR, 2017), but part of the gameplay design process is worth the highlight. Game
mechanics were driven by the Revisited Bloom’s Taxonomy (ANDERSON et al., 2001)
learning objectives (HEER, 2015) shown in Figure 27. As result, the Table 2 shows
what the game tries to foster on its players according to its design. In the table, the
words “action” and “goal” are used specifically to refer to, respectively, a Rule Appli-
cation and a random Graph drawn at the beginning of the game.
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Figure 25 – Goal cards of The Last Tree.
Source: (SILVA JUNIOR, 2017).



89

Figure 26 – Resource cycle schema of The Last Tree.
Source: Adapted from (SILVA JUNIOR, 2017).

Figure 27 – Revisited Bloom’s Taxonomy Learning Objectives.
Source: Adapted from (HEER, 2015), which is based on (ANDERSON et al., 2001).
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Table 2 – The Last Tree Learning Objectives

Factual Conceptual Procedural Metacognitive
Remember To mentally

List intuitive
notions of
basic logic.

To Recognize
patterns in the
graph struc-
tures, such
as the current
state and the
rules.

To Recall how
logic structures
work, such as
condition and
consequence.

To Identify, on
the recognized
patterns, con-
nections with
the recalled
logic.

Understand To Summarize
set of actions in
processes that
outputs a de-
sired element.

To Classify
the actions that
could be taken
with respect to
their effect on
the board.

To Clarify the
semantics of
each action.

To Predict
the impact of
the actions
upon the final
objective.

Apply To Respond to
the change of
elements in the
current board.

To Provide
propitious
or restrictive
situations to
specific rule
applications.

To Carry out
actions that
get you closer
to your final
objective, or
the opponents
further from
theirs.

To make Use of
actions taken
by other play-
ers to reach
yours.

Analyze To Select best
action given
the current
board.

To Differenti-
ate the actions
that target
reaching a goal
from those
that target
disrupting one.

To Integrate
the current
board ele-
ments to the
goals and pos-
sible actions.

To Decon-
struct hy-
potheses of
other players
about your
goal by faking
another.

Evaluate To Check the
actions of other
players and
their progress.

To Determine
the conse-
quences of
each action
on the goal of
each player.

To Judge the
strategy and
goal of other
players by their
actions.

To Reflect
about the
progress of all
players and
distance of
their goals.

Create To Generate
elements that
are part of your
goal by taking
actions.

To Assem-
ble individual
actions into
a strategy for
reaching your
goal.

To Design al-
ternative action
as response for
different possi-
ble outcomes.

To Create
the whole
(sub)graph that
is your goal
out of the initial
one.

Source: Adapted from (SILVA JUNIOR; CAVALHEIRO; FOSS, 2017a).
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Formally speaking. The goals of the game actually are Rules where the LHS is
the same as the RHS (they are isomorphisms), instead of being Graphs, but they are
represented as such because there is no need to represent a whole rule that does
nothing (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019a). The only thing that matters in
those goal rules are the elements to Match, thus they are better represented by a single
Graph. Initially, the game was designed as a GG without NACs nor Attributes, but
after some expansions, it was added to the formal model both, NACs (SILVA JUNIOR;
CAVALHEIRO; FOSS, 2017b) and Attributes (SILVA JUNIOR; CAVALHEIRO; FOSS,
2018). Thus, the product Graph Grammar is depicted in Figure 28 and described in
the sequence.

Figure 28 – Formal modeling of The Last Tree.
Source: Adapted from (SILVA JUNIOR, 2017).
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The T Type graph defines that:

animals may have an Integer number of fruits and be at a land; in turn,

lands may have an Integer number of seeds, plants or trees and may have a path to
another land.

The G0 initial Graph defines that:

Farwest land has a path from and a path to

West land, that, in turn, has a path from and a path to

Central land, that, in turn, has a path from and a path to

East land, that, in turn, has a path from and a path to

Fareast land .

All lands have 0 seeds, plants and trees, except for the Central land that has 1 tree.

The Move rule relocates an animal, defining that:

IF an animal is at a current position that has path from and a path to a future posi-
tion;

THEN the animal will be at the future position after the Rule Application.

The Gather rule grant a fruit from a tree to an animal, defining that:

IF an animal with f fruits is at a place that has t trees;

THEN the animal will have g fruits after the rule application.

WHERE t must be greater than 0, and g is the successor of f.

The Water rule grows the seed into a plant, defining that:

IF an animal is at a place that has s seeds and p plants;

THEN the place will have t seeds and q plants after the rule application.

WHERE s must be greater than 0, t is the predecessor of s and q is the successor of
p.

The Plant rule take the seeds out of a fruit to bury it, defining that:

IF an animal that has f fruits is at a place that has s seeds;
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THEN the animal will have g fruits and the place will have t seeds after the rule
application.

WHERE f must be greater than 0, g is the predecessor of f and t is the successor of
s.

The Fertilize rule consume a fruit to grow a plant into a tree, defining that:

IF an animal that has f fruits is at a place that has p plants and t trees;

THEN the animal will have g fruits and the place will have q plants and u trees after
the rule application.

WHERE f must be greater than 0, p must be greater than 0, g is the predecessor of f,
q is the predecessor of p and u is the successor of t.

The Eat rule consume two fruits, defining that:

IF an animal has f fruits;

THEN the animal will have g fruits after the rule application.

WHERE f must be greater than 1 and g is f minus two.

Experience report. An example application of the game was ministered in a munic-
ipal school of Pelotas, RS, Brazil on a sixth grade class with 14 students. The details of
this application may be read at (SILVA JUNIOR, 2017; SILVA JUNIOR; CAVALHEIRO;
FOSS, 2018), here we will summarize the findings. They were divided into four groups:
the red group had the worst performance during the game and showed that interacting
with bad performers might lead to lower yours; the green group excelled at the perfor-
mance and showed a significant improvement on the tests as result; the yellow group
had difficulty at the start of the game, but kept themselves motivated and got better
as the game progressed; and the blue group had performances oscillating the whole
game, but kept their scores on the test. The tests are completely unrelated to the story
of The Last Tree, it is about the classic fairy tale of “the three little pigs”, they are meant
to assess GG competencies about Matches, Rule Applications and Attributes. It
may be found, in Portuguese, in the annexes of (SILVA JUNIOR, 2017), and the indi-
vidual results of the tests before and after playing the educational game are shown in
Table 3.

Highlights. Instructions were given on the fly during the game, trying to minimize
the amount of information given about how to play, since it is already described on the
board, as a Graph Grammar. The green group was able to read the Rules and play
on their own, while the other groups needed at least the explanation of one rule first to
then be able to read the rest. Additionally, interventions were made only when illegal
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Table 3 – Graph grammar test scores before and after The Last Tree.

Student Age Pre Post Diff.
A1 12 3,75 2,5 -1,25
A2 15 7,5 7,5 0
A3 11 10 6,25 -3,75
A4 11 6,25 5 -1,25
Red 6,875 5,3125 -1,5625
A5 12 5 10 5
A6 12 6,25 10 3,75
A7 14 7,5 10 2,5
A8 11 10 10 0
Green 7,1875 10 2,8125
A9 15 6,25 7,5 1,25
A10 12 6,25 6,25 0
A11 11 10 8,75 -1,25
A12 15 7,5 8,75 1,25
Yellow 7,5 7,8125 0,3125
A13 12 6,25 6,25 0
A14 12 10 10 0
Blue 8,125 8,125 0

Source: Adapted from (SILVA JUNIOR; CAVALHEIRO; FOSS, 2017a).

Matches were tried for Rule Applications. Most of the times, it was said that the move
was illegal and the students were able to spot why on their own. The maneuvering of
the cards appeared to help the students both understand the transformations led by the
Rule Application and outline their strategies for reaching their goals (SILVA JUNIOR;
CAVALHEIRO; FOSS, 2018).

4.2 GG on Screen

Target. In the previous section the educational game The Last Tree was presented
as a physical board game. In this section we are bringing it to the screen, presenting
a digital version of the same game, powered by data collecting mechanics to enable a
better evaluation of its application. At the end of this section we expect the reader to
understand the advantages of a digital application and which resources can be used to
power the application of an educational game when it comes to a software. The focus
here is from the perspective of an educational tool rather than an attractive game.

Left untouched. The gameplay and visual identity of the game were preserved in
its digital version, which was developed in Portuguese only. The only changes made
were minor balance changes on the goal cards and some rule renamings (SILVA JU-
NIOR; CAVALHEIRO; FOSS, 2019b). Figure 29 shows the similarities between the
physical and the digital versions of the game. In the digital version, some additional



95

Figure 29 – Physical (left) and digital (right) versions of The Last Tree.
Source: (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b).

restrictions were adopted: a time constraint of 60 seconds for each turn and an error
limit of 5 per turn. Not precisely a new feature, now the player is required to explicitly
state, element by element, the Match he is going to use for an action. Even though this
was already expected to be done on the unplugged version, this was not mandatory.
Figure 30 exemplifies the sequence for applying the rule Move, where the player shall
build the Match by clicking on the (1) animal in the rule, then the (2) bear in the board,
the (3) animal’s land, then the (4) bear’s land and lastly the (5) animal’s adjacent
land and the (6) bear’s right neighbor land.

Figure 30 – A match sequence in The Last Tree digital game.
Source: (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b).

Errors. While defining a Match the player may try illegal moves, such as map-
ping an animal to a plant . The game denies illegal moves, count and classify the
errors into 10 classes of mismatches: remapping, overmapping, meta-mapping, invalid
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value, attribute link-a, attribute link-v, edge link, attribute type, vertex type and attribute-
vertex (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b). Taking advantage of the plat-
form, all inputs are registered in a log for later evaluation. The log is also summarized
by a report that shows, per player, number of hits, number of misses, mismatches by
class, the algorithm (sequence of Rule Applications), number of times each rule was
applied, number of turns lost to time or error limits, and time spent for each turn (as
well as best and worst time).

Experience report. An example application of the game was ministered in a tech
event of Pelotas, RS, Brazil with 20 students aged between 8 and 17 from 6 different
schools. The details of this application may be read at (SILVA JUNIOR; CAVALHEIRO;
FOSS, 2019b), here we will summarize the findings. As it was an open event, students
could choose to play the game or attend any other activity from the event. It makes
the reaction form data (see Figure 31) worth the highlight. The form used to measure
aspects of player experience and usability was part of an evolution of the Model for
the Evaluation of Educational Games (MEEGA), which provides measurement instru-
ments in order to evaluate the quality of educational games (PETRI; WANGENHEIM;
BORGATTO, 2016). The questionnaire includes several Lickert scale (JOSHI et al.,
2015) questions and basic data about the participants (age, gender, gaming affinity).
As reported in the charts (Figure 31), about a quarter of the attracted students were
girls (26%), the majority of the students was between ages 10 and 15 (69%, from 37%
10–12 plus 32% 13–15), and most of them are digital gamers on a daily basis (74%)
while only a few play physical games that often (11%).

Highlights. One of the participating players was a young boy with special needs,
whose caretaker answered the form instead (that is why there is a 18+ aged). The
experience with this boy really highlighted the visual prowess and potential of a GG for
us, because despite his mental disability he was able to play together with the other
kids, what is not usually truth according to his caretaker. He couldn’t understand the
semantics of the rules nor the final goals, but he kept himself entertained trying to find
Matches for the elements. The game did not offer different versions or modes, yet it
was played in considerably different ways. It seemed to be a trend that younger players
will focus their effort on finding Matches, while older players will play around the goals.
Roughly speaking, the players approached the game as three: one about Matching
elements; one about unraveling and predicting the meaning and consequences of Rule
and Rule Applications; and one about how to reach a goal Graph while avoiding the
other players’ goal Graphs.

Unperceived learning. As the instructors report and the data confirms, the play-
ers would rather lose their turn exceeding the time limit while thinking about how to
make the Match for their desired Rule Application than appealing for trial and er-
ror. The time limit was reached on 14% of the turns, while error limit was never
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reached (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b). The logs showed that as
the game progressed, less errors were made and less time taken for each action. Yet,
the most numerous answer to the entry “The game teaches things I have never seen”
was Strongly Disagree. Additionally, the perceived learning sections of the MEEGA+
questionnaire was the worst scored among all player experience sections, while satis-
faction was the first. The entry “I had fun with this game” was the best scored, with 13
Strongly Agree, 1 Agree and 1 Disagree.

GG handlers. Only 2 games were not finished, and it was due to time limitations
of the event, not due to withdrawal or inability (SILVA JUNIOR; CAVALHEIRO; FOSS,
2019b). Thus, the players were able to handle a Graph Grammar, applying Rule to
find certain Graphs, yet some did not perceived any new learning after the game. That
leave us two hypothesis: assuming this was their first contact with a GG and that they
did not learn anything new indeed, then GGs must be intuitive enough for requiring no
learning; or they did learn through the game, but managing a Graph Grammar involves
knowledge that they couldn’t recognize. Perhaps a bit of both, as we discussed in the
last chapter, GG and CT shares a lot, and Skills are usually harder to recognize than
Explicit Knowledge.
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Figure 31 – Form data for The Last Tree digital game.
Source: Adapted from (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b).
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4.3 GG Game Makers

Target and Recap. In the previous sections a fully functional educational game was
presented relying almost solely on a Graph Grammar. We have peeked in theories
used to defend games as educational tools, such as the Flow state (CSIKSZENTMI-
HALYI; CSIKSZENTMIHALYI, 1992). Then we got into the development process of
The Last Tree through the ENgAGED (BATTISTELLA, 2016) method. It involved game
design methodologies such as MEEGA+ (PETRI; WANGENHEIM; BORGATTO, 2016)
questionaries for player experience and usability. It involved instructional design con-
cerns making use of educational theories such as Bloom’s Taxonomy (BLOOM et al.,
1956) and its revisited version (ANDERSON et al., 2001). Both games had experience
reports highlighting perceptions about the students performance and learning of GGs.
It was viewed as both, a physical (SILVA JUNIOR; CAVALHEIRO; FOSS, 2017a) and a
digital game (SILVA JUNIOR; CAVALHEIRO; FOSS, 2019b), but it was always a fixed,
predefined game. In this section we are describing a tool to not just play this and other
games made of GGs, but to make them! At the end of this section we expect the reader
to be able to understand how a GG can be executed as a game and how to use GG
features to design game features.

PlayGG. Our tool for making games out of Graph Grammars is PlayGG. A soft-
ware created on Unity platform using C# codes to make, edit and run Playable Graph
Grammar (PGG)s. It was grounded following all the formal definitions presented on
the section 3.3, but it may be expanded for other approaches or to include other defini-
tions. We encode PGGs into an Extensible Markup Language (XML) file defined by a
XML Schema Definition (XSD) file containing some header information and the Graph
Grammar information as depicted on Table 4, where the first 11 rows are the header
info and the remaining 8 are the GG info.

Modules. PlayGG has two main modules brokered by a third one, as schematized
in Figure 32. The first module, the Game Player, runs a PGG, just like The Last Tree,
the game is played upon a Graph Grammar. It starts with a initial Graph, that we are
calling a phase. Then the player gets to choose, on the top of the screen, a Rule, that
we are calling an action, to find a Match and apply it. On the bottom of the screen
the player may consult its goal, which is also a Rule, but it is shown as a Graph (its
LHS), that when applied generally leads the player to win or end the phase or the
whole game. Time, error and turn constraints are controlled by settings, which are
Graph elements hidden from players during execution. We are going to discuss all
those concepts on the following paragraphs, while we build an example game explain-
ing the second module, the Game Builder, that builds a PGG. The third module, the
Game Explorer, allows the user to navigate through the PGG files he/she has, see
the history of plays (log files), and see the banners of those PGGs. A banner displays

https://unity.com/
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header information about the game, allows the user to setup the game choosing op-
tions such as number of players, game mode, phase, difficulty, and it is through the
banner that the user may call the Game Builder to edit the game or the Game Player
to play it.

Table 4 – Structure of a Playable Graph Grammar file.

Field Type Meaning
Title String The name of the game.
Subtitle String An extension of the name of the game, recommended for ex-

pansions or new versions.
Language Language

Code
The language the game is written in.

Genre Genre The genre of the game, e.g. strategy, action or arcade.
Brief String A brief description of the game, usually describing key me-

chanics and goals.
Full-
Description

String A long description of the game, detailing the characters and
the background story.

Keywords Strings Keywords are used for classification and searching.
Author Profile A profile contains an username and optional basic data such

as full name, birthday, gender, city, grade and school.
Credits String All credits sentences, pointing all the contributors for this

game.
Version Version Num A version number is divided in four numbers: [Ma-

jor Release/Expansion].[Minor Release/Patch].[Build (Com-
mit/Save)].[Revision (Run/ModStep)] .

History Sequence
of Update
Reports

It stores all modifications made since the creation of the game
as a sequence of update reports, which each encodes a spe-
cific modification.

Resources Sequence of
Data Paths

It points to all resources used in the game, such as the images
that illustrate the vertices for instance.

Type Graph Graph It defines all elements that can appear in the game and how
they can relate.

Settings Graph Graph It defines all hidden elements that be used to internally man-
age configurations and mechanics in the game and how they
can relate.

Phases Sequence of
Graphs

The set of initial graphs of each phase of the game.

Actions Sequence of
Rules

The set of rules that will be available for players to use as their
moves.

Goals Sequence of
Rules

The set of non-deleting rules which if applied the phase ends
with a winner.

Effects Sequence of
Rules

The set of rules that are not directly accessible during the
game, being controlled by events.

Events Composite Events are triggered by specific rules called triggers, then they
run a sequence of effects with predefined matches or matching
strategies.

Source: Created by the author.

Term 22 – Resource:

Any external file used to build the game, such as an image file (.png, .jpg) used
to illustrate a vertex.
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Figure 32 – PlayGG modules.
Source: Created by the author.

External files. We will start to build a Pacman game, that is a classic example
used to exemplify GGs, we are naming it PacGraph. The very first thing one shall do in
order to make a PGG with PlayGG is to import all Resources, i.e. define external files
such as images and audio effects that are going to be used. PlayGG manages images
with Looks, which are XMLs containing: a header with name, creation and edition
info, history and credits; a shape, that defines how the image is going to behave, e.g.
as scaling (vertex), as resizeable with fixed borders (arrow) or as just borders with
empty insides (box); a border, that is a tuple defining left, bottom, right and top limits,
respectively; and package that classifies and group up sets of assets. The user may
build a look in the Game Builder importing an image and setting those aforementioned
configurations, but PlayGG offers a package of basic built-in assets. Figure 33 shows
the Look box in the Game Builder of PlayGG, which shows all the image resources we
are going to use in this game.

Figure 33 – PacGraph looks in the Game Builder module.
Source: Created by the author.

https://en.wikipedia.org/wiki/Pac-Man
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Term 23 – Type:

The set of characteristics that define and distinguishes an element, such as its
look, name, color, source and target if edge and holder and sort if attribute. The
holder of an attribute is its source, we are using another word just to differ from
edges. With respect to the GG, a type is the graph element in the Type Graph
to which the typing morphism maps a given graph element.

Term 24 – Setting:

A hidden graph element used to control the engine.

Settings graph. Formally, Settings are just ordinary Graph elements, but in PGG
they are special hidden elements with internal roles. They are all over the PGG, in any
Graph of it, and can be handled by Rules alongside with the regular elements, the
difference is that none of the Settings are displayed while running the game, yet they
control important things related to the game, such as enabling or disabling access of
players to actions and goals, choosing who among them are able to play in a given
turn or time and so on. To build an element at any Graph or Rule in a PGG, you must
first define its Type in the Type graph of the GG. However, in PlayGG the Type graph
is split into two parts, one for regular elements that receives the name Type graph,
and another for the hidden elements, that receives the name Settings graph. Using
the given defaults, this latter graph and the whole Settings part of a PGG should be
skippable for beginners. After the Type of an element (hidden or not) is defined in
those graphs, it can be instantiated in the rest of the PGG.

Figure 34 – Example settings graph in the Game Builder module.
Source: Created by the author.
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Reserved elements. Just like programming languages have reserved keywords,
PlayGG has reserved graph elements, Figure 34 shows all currently existing Types of
reserved elements in the engine: Core, that represents the engine itself (the server
on multiplayer); Player, that represents an user (the client on multiplayer); Setup, that
represents pre-game entries (options to choose in the banner); Action, that represents
a specific Action (a Rule that players may use during the game as their moves); Goal,
that represents a specific Goal (a Rule that is looked for players as their objective);
May Use, that establishes which Actions each player has access to; Craves, that es-
tablishes which Goals each player has access to; Allowed To Play, that defines which
players may be making their moves at a given time; Next, that defines which player will
heir the turn after the current one; Time Limit , that restraints the amount of time each
player has to play on their turn; Miss Limit , that restraints the top amount of errors each
player may take while defining a Match during their turn; Time Count , that represents
the current time spent by the player on this turn; and Miss Count , that represents the
current number of errors made by the player on this turn. Any attribute or edge added
to the setup vertex creates a field on the game banner (basic game info showed when
selecting a game to play in the explorer module). For instance, Number of Players
enables the user to choose between a single player mode or a 2-players mode when
selecting PacGraph in the Game Explorer module. First Goal and First Action identify
which Goal and Action the reserved vertices Goal and Action represent, respectively.

Type graph. Getting back to our example, PacGraph, with the image Resources
loaded as looks, the next step in designing this PGG is to define the Types that we
are going to use. As we have already thoroughly covered in the previous paragraphs
the Settings and their functionality (and for the sake of simplicity), from now on we are
going to omit talking about Settings and representing them. Although, we are omitting
them, we recall that they may be present on any Graph or Rule alongside the regular
elements. So, here we are going to discuss the Type graph of those regular elements.
Figure 35 defines the basic elements of the classic game that bases PacGraph: a
Pacman, a Ghost, a Fruit and a Place. Additionally, we are adding two vertices
to represent Victory and Loss. As PacGraph is a PGG, relations shall stand out, we
define that: Pacman isAt a Place; Ghost isHaunting a Place; Place may have a wayTo
another Place; and a Place hasA a Fruit.

Term 25 – Phase:

Graphs used as initial Graphs of different stages of a PGG

Initial graph. Start, depicted in Figure 36 is the initial Phase of our example
PGG, PacGraph. There will be our hero pacman, our enemy ghost and our goal
fruit at (isAt,isHaunting,hasA, respectively) different linked (P01,P02,P12,P23) places
(P0,P1,P2,P3). Our simple example will have only one Phase, which makes it the only
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Figure 35 – PacGraph type graph in the Game Builder module.
Source: Created by the author.

option for the initial Graph of the Graph Grammar. But on more complex games,
multiple Phases could start the game, being selected by the setup entries chosen on
the banner. They may also mark a stage on larger games, Phases are linked through
Events that may glue elements from one Phase into another using a set of Rules. This
way it is possible to save elements, passing them from a Phase to another. Figure 37
offers a thorough explanation of the starting process of a PGG with a very simplified
game, showing how the initial Graph is constructed. When a game starts, the real
initial Graph is a hidden one made of only a core, a setup, and elements chosen in
the game banner for the setup. Events shall transform this while transitioning to a de-
sired Phase before anything else happens, abstracting the eventual transformations,
for practical means, the initial Graph will basically be a user designed one, plus the
main reserved vertices (core and setup).

Figure 36 – Start graph, that initializes PacGraph, in the Game Builder module.
Source: Created by the author.
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Figure 37 – Starting process of an example Playable Graph Grammar.
Source: Created by the author.
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Term 26 – Action:

A Rule that can be used by players in the Game Player during a run.

Actions. Actions can be selected on the top of the screen in the Game Player
during a PGG play. If so, their LHS and RHS will be showed and a Match can be set
by clicking the LHS elements and their respective mapped elements in the board (state
Graph) in sequence. In the Game Builder, Actions are showed as their LHS, K and
RHS, highlighting the elements that get deleted, preserved and created, respectively.
Figure 38 shows the only Action in our example PGG, move, in the Game Builder
module. This Rule preserves a pacman, two places (CurPos,FutPos) and the way
between them (wayTo), while it replaces its positioning edge that target a place (delete
wasAt) to one that targets the other (create isGoingTo), effectively moving the pacman.

Figure 38 – Move action of PacGraph in the Game Builder module.
Source: Created by the author.

Term 27 – Goal:

A restricted Rule that cannot delete or create elements. Its Rule Application
ideally ends a Phase or the whole game.

Goals. Goals can be selected on the bottom of the screen in the Game Player
during a PGG play. If so, their LHS will be showed (as it cannot delete or create, the
RHS will look just like the same) and a Match can be set by clicking the LHS elements
and their respective mapped elements in the board (state Graph) in sequence. In the
Game Builder, Goals are showed as their LHS. Figure 39 shows the only Goal in our
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example PGG, eat, in the Game Builder module. This Rule preserves a pacman that
isAt a CurPos, which hasA fruit. Then, our objective is to reach the place that has a
fruit, so we can eat it.

Figure 39 – Eat goal of PacGraph in the Game Builder module.
Source: Created by the author.

Term 28 – Effect:

A hidden Rule that cannot be applied directly by the players.

Effects. Effects can only be applied through Events, which are automatically
Matched by the engine, because of that, beware of non-determinism. Events are
structures to allow the engine to make its own Rule Applications (Effect applications),
together they may be used to many things, such as: initializing the game according to
an input (setup elements); transitioning from one Phase to another while carrying
some elements; or establishing compulsory Rules that must happen in a given situa-
tion. Figure 40 shows an example of the latter in our PacGraph, the Effect kill, to bring
us a Game Over situation. This Rule preserves a ghost that is haunting a CurPos and
deletes the Pacman that isAt it, creating a GameOver in the process. Then, this effect
kill our hero if he meet an enemy in any place, this is not an optional move, up to the
player to decide whether it happens or no and when, it is an inevitable consequence of
putting both together in the same place.
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Figure 40 – Kill effect of PacGraph in the Game Builder module.
Source: Created by the author.

Term 29 – Trigger:

A restricted Rule that cannot create elements and whose Match is automatically
and constantly searched for by the engine.

Term 30 – Derivation:

A composite structure that encapsulates an Effect with information about its
Match. It is an Effect, a matching strategy identifier, a number of iterations
and, if applicable, a Match from its Effect to a given Graph.

Derivations. The Effects are encapsulated by a structure containing information
about its Match and number of iterations (reapplications). Among the options for
matching strategies there is: FIRST, to apply the first Match found (will not rematch on
reapplications); LAST, to apply to a different Match each iteration (rematch ignoring
elements who were part of previous matches of this derivation); ALL, to apply to all
non-intersecting Matches found once per iteration; RANDOM, that is equal to FIRST,
but look for a new Match each iteration; and PRESET, to apply to a predefined Match.
The PRESET may be built using the non-deleted elements of a given Trigger. On the
bottom of Figure 41 a derivation is showed using the kill Effect (showed in Figure 40)
represented in a red ball, a PRESET matching strategy represented in a blue ball and
an iteration amount of 1 represented in a white ball.
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Figure 41 – GhostEncounter event of PacGraph in the Game Builder module.
Source: Created by the author.

Term 31 – Event:

A composite structure made of a Trigger, a source Phase, a target Phase and
two sequences of Derivations. If the source and target Phases are different, it
includes a special Rule called the transition rule, that has an empty LHS and
the target Phase as its RHS. The first sequence of Derivations run before the
transition rule and the second sequence runs afterwards.

Events. Events are the closest to a kind of programming that a PGG offer, they
enable the engine to react to players’ Actions and chain its own Rule Applications.
When a Match for the Trigger is found, it is automatically and obligatorily applied, fol-
lowed by the Derivations. In order to avoid infinity loops, there is an additional restric-
tion for the Trigger, at least one element of it must be deleted, directly by the Trigger,
or indirectly by one of the Derivations so the event will not reactivate immediately after
executing. Although, beware of recreation of this deleted element in the Derivations
that will follow, which could cause infinity loops. At last, back to our example, Figure 41
shows the Event GhostEncounter as Events are displayed in the Game Builder. It
goes from Start Graph to itself, triggered by a ghost that is haunting a CurPos and
where Pacman isAt. It then applies the kill Effect (Figure 40) through a preset Match.

Setup. The entries for the setup that may be defined in the Settings graph have
no meaning by their own, the designer must give them meaning through Events with
those entries in the Trigger. This way, you may create different game modes, difficul-
ties and general configurations, by triggering different Events according to the setup
entries chosen by the player. Settings are arguably the most complex and powerful
part of designing a PGG, keeping it in mind, we intend to keep them hidden from be-
ginners offering default Settings that allow them to build PGGs without bothering with
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managing them. Additionally, while in the Game Builder, the designer may toggle the
Settings visualization while editing Phases, Actions, Goals, Effects and/or Triggers.

Definer. Internally, Game Builder works through a parser reading and executing
command lines, but a PGG designer is not supposed to code. A decision tree system,
named the definer, is called every time someone wants to build or edit anything in the
module. It asks the user for consecutive choices that build up a complete definition (a
command line), constructing a graph linking the new choices with the previous. Fig-
ure 42 shows a sequence of expansions in a decision tree to build the Type of Pacman
through the definer. From left to right, top to bottom, first we select that we are building
a vertex, then we enter its name, choose the package of the look (there is only the
basic set available), choose the look, choose the package of the color, then the color.

Figure 42 – Pacman type building in the definer system.
Source: Created by the author.
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Target. In this chapter we are going to end our work with a general recapitulation
of what we have seen so far and a discussion on this overview. We want to summarize
what we have proposed, what we have found and what does it mean to the scientific
community. We will also be talking about related works, limitations of this work and
what is left to do for future work.

Recap CT. We opened this text talking about Education 4.0, 21st century skills and
how education is being rethought to respond to our fast paced digital era. In the midst
of this, we found that the expression CT was revived by WING (2006), gaining popular-
ity in the academia and bringing CS to k-12 being even included in national curricula.
Just to find out that this term was plagued with a terminological mess that we explored
through a SLR in order to find agreements and disagreements and present a definition
that was compatible with the majority of the literature. We proposed the three faces
of (General) Computational Thinking to best understand the different point of views
from which the term is approached in the literature: using the products of CS, that in-
cludes bringing robots, gaming and coding to classrooms; using the methods of CS,
that includes teaching introductory CS often applied to other subjects in an interdis-
ciplinary manner; and the impacts of CT, that includes a set of mental skills that are
generally stimulated by doing CS. We proceeded going deeper into this latter, defining
six major (Specific) Computational Thinking lines, revolving around specific Skills,
each of them reporting to a commonly addressed term in the CT literature when it
comes to related abilities. We went through each of the six major lines (Abstraction,
Decomposition, Algorithm, Data, Automation and Evaluation) discussing the con-
cepts involved and granting examples of (CTS) Topics, (CTS) Expressions, and (CTS)
Sensibility. Then we proposed a metric to assess Skills as those of CT based on six
turning points (literacy, intimacy, competency, fluency, proficiency and mastery) that
represents milestones in the learning process of the performer. This metric along with
the Skills were used to build an operational definition for (Operational) Computa-
tional Thinking.
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Relevance of CT. The advocacy for the relevance of CT oscillates in the literature
but there is at least one acceptable argument for each CT face if we use this division.
The claims of (WING, 2006), called exaggerated by some (DENNING; TEDRE, 2019),
putting CT on the same level of the three R’s (reading, writing and arithmetic) may be
reasonable if we interpret CT through the first face lens: knowing how to effectively
use technology. Without any of this knowledge in the current society your life may be
significantly hindered just like if you can’t read or write, turning you mostly dependent
of those who can. Through the second face lens, the importance of CS in general
education has drastically grown with the ubiquity of computing, what is left to debate
is only if it should be an independent subject on its own or be transversally included
within the already existing ones (FRAILLON et al., 2019). The third face lens suffers a
major critic about sounding arrogant to say that everyone should think like us, computer
scientists (HEMMENDINGER, 2010). Why would “our” set of mental skills be the best
to develop on everyone? Well, that is not what we mean, we believe that those skills
does help students and citizens overall, just like many other skill sets do. But we are
computer scientists, those are the skills we can contribute with, others are welcome.

Related CT works. There is a number of SLRs or other papers that offer
an investigation of terms or skills related to CT, such as papers included in our
SLR (SHUTE; SUN; ASBELL-CLARKE, 2017; SELBY; WOOLLARD, 2014) and oth-
ers like (HOPPE; WERNEBURG, 2019) that also finds “problem-solving”, “abstrac-
tion” and “algorithms” as some of the most used. Although, to the best of our knowl-
edge, none of them has a more thorough discussion on each of the terms found in
order to clarify what really is the CT. Activities and tools for developing and assess-
ing CT in experience reports are usually punctual (LOCKWOOD; MOONEY, 2017),
the ones that can be best considered in the long term are robotics (IOANNOU;
MAKRIDOU, 2018; SANTOS; ARAUJO; BITTENCOURT, 2018) and Scratch (KIR-
WAN; COSTELLO; DONLON, 2018; BRENNAN; RESNICK, 2012; MORENO-LEÓN;
ROBLES; ROMÁN-GONZÁLEZ, 2015). Here, in this work, we have presented GGs as
an alternative approach for developing and assessing CT (GGasCT).

Recap GG. Our second chapter introduced Formal Methods and theoretical CS.
We highlighted the Achilles’ heel of formal methods: strong, heavy mathematical nota-
tion that may scare learners. What brought us to a more friendly formalism, the visual
yet formal language GG. We explained GG concepts using analogies, examples and
later using formal definitions. We stated that we are using an algebraic approach for
Graph Grammars, DPO (CORRADINI et al., 1997) for graph transformations, injective
Matches and the category of Typed Attributed Graphs and total Morphisms (CAV-
ALHEIRO; FOSS; RIBEIRO, 2017). Then we listed several relations of (Specific)
Computational Thinking Skills and Graph Grammars while executing, designing,
analyzing and assessing, as well as discussed other related topics on each.
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GGasCT We think any of the three faces is a valid viewpoint of CT, but they overlap
each other and if we can approach of them at once, they sum their benefits. We believe
that to bring technology to the classroom to teach CS while developing general purpose
mental skills is the ideal way to foster CT. That is one of the reasons we chose GGs to
approach CT, it draws on techniques of the very root of computing, theoretical CS, and
introduces to the students a data structure commonly used in CS, graphs. In addition
to its relations with the (Specific) Computational Thinking Skill set, it may also make
use of computer machines, games and tools for content creators as we have shown in
the previous chapter.

Related GG works We did not find any scientific paper reporting any experience
or discussion around the introduction of GG or any formal language in k-12 edu-
cation. As a matter of fact, papers touching those topics and education seems to
be scarce and outdated. The only directly related work we have found was one
from DRAPPA; MELCHISEDECH (1995), who presents the Software Engineering
Simulation by Animated Models (SESAM) to simulate systems for software projects
so higher education students (software engineering course) could learn how to lead
projects effectively without spending or wasting time and money in real projects. Their
theoretical foundation lies on earlier GÖTTLER (2013) definitions, which according to
DRAPPA; MELCHISEDECH (1995) is mainly based on set theory and uses a special
notation called X-form that is subdivided into four subgraphs: del for elements to be
deleted; detE for elements to be preserved (there called “identically replaced”); new for
elements to be created; and indE that specifies how the other subgraphs has to be con-
nected to the host graph (which seems to be a notion of Match). They advanced their
work creating an editor and concluded that GG concepts have enabled them to make
models understandable, clearly defined and executable what was a a significant con-
tribution to their educational intentions (SCHNEIDER, 1999). In software engineering
courses there are some papers discussing the use of formal methods in education (LIU
et al., 2009; OLIVEIRA, 2004; GARLAN, 1995), generally concluding that software in-
dustry would benefit from formal modeling and verification and the only/best way to in-
clude formal methods into commercial software development processes is through its
inclusion on software engineering and related higher education courses. Noteworthy,
in section 3.4 we have already cited a plethora of existing GG tools (RENSINK, 2003;
TAENTZER, 2003; DE LARA; VANGHELUWE, 2002; KONIG; KOZIOURA, 2008; BAL-
ASUBRAMANIAN et al., 2007; GEISS et al., 2006; SCHURR; WINTER; ZUNDORF,
1999), that means there are GG tools available, but they do not explicitly target educa-
tional purposes.

Recap practice. Our third chapter began with the physical educational board game
“The Last Tree”, that based its digital version developed in this work aiming to en-
rich evaluation by automatically saving useful data about the learners’ performance.
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We have past through educational game theories, methodologies and taxonomies
such as the state of Flow (CSIKSZENTMIHALYI; CSIKSZENTMIHALYI, 1992), the EN-
gAGED (BATTISTELLA, 2016) and MEEGA+ (PETRI; WANGENHEIM; BORGATTO,
2016) methods, the Bloom’s Taxonomy (BLOOM et al., 1956) and its revisited ver-
sion (ANDERSON et al., 2001). We discussed students reaction and performance
through the experience reports. Then we presented PlayGG, a PGG maker and run-
ner that allows students to create games based on GGs, explaining its basic structure
of three modules (Game Player, Game Builder and Game Explorer) and resources,
settings graph, type graph, phases, effects, events, actions, goals and the definer.

Ocean of possibilities. In order to show the versatility and applicability of GGs,
we have exemplified concrete examples of GGs being used in different ways, as an un-
plugged activity, as a digital game and as a content creation tool. Particularly, PlayGG
hugely expands the possibilities of application, it can be used, for instance: by teachers
to make thematic games supporting microworlds (RIEBER, 2005) wherein students will
interact with curricular content; by students to turn themselves protagonist of their own
education, creating content (a PGG) related to a subject in a Project Based Learning
(PBL) (KRAJCIK; BLUMENFELD, 2006) approach; by game designers to create more
elaborated, unforeseen applications; or by GG researchers, albeit it is not the focus of
PlayGG to be a tool for formal specification and verification, it is still a engine to make,
edit and run a GG and those functionalities might be added in the future.

Related educational tools. There are many educational tools used in the context
of CT, some of the most famous are special programming environment such as the
drag and drop programming blocks language Scratch (RESNICK et al., 2009), and
the 3d simulation prototyping system Alice3d (PIERCE et al., 1997). Also worth the
highlight, before the boom that came from WING (2006), the so called “Turtle Graphics”
in the language LOGO (SOLOMON; PAPERT, 1976) was one of the main precursor
efforts in this context. The most notorious features of those is the content creation
aspect, being free to make your own applications, simulations or images, share and
contribute them with other creators within a community has established the success of
those tools. Following the trends of this fourth revolution, the Education 4.0 push us
forward this digitally connected world of ever sharing, remixing and content creation, as
put by KAFAI (2016), we should change: from CT to computational participation; from
building code to creating shareable applications; from tools to communities; and from
“from scratch” creation to remixing. We aim to build a community around PlayGG to
share PGGs, resources, class experiences and everything related, following the path
of the aforementioned tools, to consolidate GGasCT as an alternative approach for
developing CT.
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5.1 Results and Products

• Computational Thinking Systematic Literature Reviews table, on Appendix A,
shows 19 different SLR on CT, relating them to their target, scope, CT definition
references used, research questions and overviews about their findings. It can be
used to guide CT researchers, specially those entering the area or those looking
for a research question that might be previously answered.

• Computational Thinking Definitions table, on Appendix B, reunites several CT
general definitions from 28 different sources in the literature. It might provide a
good notion of how CT is addressed in the literature to newcomers.

• Computational Thinking Skills table, on Appendix C, indicates which concept-
s/skills are related to CT in each of 28 sources in the literature, among them the
most cited references for CT skills. The table is followed by its visual representa-
tion, and then one of each row, organizing the concept/skills by author/source.

• The Three Faces of Computational Thinking concept, illustrated on Figure 5,
organizes different points of view for CT. It can be used to guide a better un-
derstanding of how the concept is used in the literature, as well as for calling
specialist to contribute where it suits best.

• Computational Thinking Lines system and definitions, illustrated on Figures 7–
11, organizes and clarify main skills of CT (commonly cited skills). It can be used
to guide a better understanding of key concepts of CT for leaders, educators and
researchers.

• Six Turning Points hierarchy, illustrated on Table 1, organizes six milestones of
skill development in a progressive system. It can be used as a metric to sup-
port assessing of skills, such as the aforementioned skill set, which enables the
development of an operational definition.

• GGasCT approach, discussed through Section 3.4, relates CT skills to GG fea-
tures. It can be used as a guide to develop and assess CT using GGs, either by
the students executing, designing or analyzing one.

• The Last Tree educational game, available for download at The Last Tree ExpPC
Page1. It can be used to foster CT while keeping track of the students moves to
support a better assessment.

• PlayGG game engine, available for download at PlayGG ExpPC Page1. It can be
used to create, edit and run PGGs, games based on GGs.

1ExpPC is an integrated project that aims to introduce CT in elementary schools of Pelotas, RS,
Brazil. For further information, access: https://wp.ufpel.edu.br/pensamentocomputacional/about/

https://wp.ufpel.edu.br/pensamentocomputacional/the-last-tree/
https://wp.ufpel.edu.br/pensamentocomputacional/the-last-tree/
https://wp.ufpel.edu.br/pensamentocomputacional/playgg-en/
https://wp.ufpel.edu.br/pensamentocomputacional/about/


116

5.2 A Whole New World

Future work. In this last section we are giving our final remarks on limitations or
gaps of this work and how they could be fulfilled on our next steps, future work.

6TP4CT. The six turning points hierarchy may offer guidelines to educators to as-
sess CT skills following the general definition of each turning point and seeing if the
student has past each of them. But a more directed resource, clearly stating char-
acteristics and behaviors of each (Specific) Computational Thinking Skill (namely
Abstraction, Decomposition, Algorithm, Data, Automation and Evaluation) per
rank, or turning point might be crucial for effectively using this metric in the CT con-
text. This system that we are naming Six Turning Points for Computational Thinking
(6TP4CT) could lead to an effective use of our definition (Operational) Computational
Thinking.

CTL—TES. Our definitions about the aforementioned skills, that build up the com-
putational thinking lines system has presented just a few uncommitted examples of
(CTS) Topics, (CTS) Expressions, and (CTS) Sensibility. In order to grant CT a
more formal and organized aspect for being inserted into formal education, we envi-
sion to rise a system of classifications to map any activity, ability or concept said part of
CT: the Computational Thinking Lines – Topics, Expressions and Sensibilities (CTL—
TES) system. We will be constantly updating the system with new classifications, in an
attempt to cover all CT related activities, eventually including new lines.

GGasCT. Our approach, GGasCT, scientifically speaking is still just an hypothesis
theoretically grounded. It craves for testing for validity, which we aim to do by es-
tablishing an assessment system using PlayGG, 6TP4CT and comparing the results
with other tools currently being used to assess CT in the literature, such as the CT
test (ROMÁN-GONZÁLEZ, 2015), Bebras Tasks (DAGIENE; FUTSCHEK, 2008) and
Dr.Scratch (MORENO-LEÓN; ROBLES; ROMÁN-GONZÁLEZ, 2015). We envision to
consolidate GGasCT as a valid psychometric tool for assessing (Specific) Computa-
tional Thinking.

The Last Tree. The digital version of the game recreated the board game in the
virtual environment, yet it is limited to a version without NACs while there is a physical
version already available with NACs (SILVA JUNIOR; CAVALHEIRO; FOSS, 2017b).
Another limitation is the platform, it is restricted to machines running Windows oper-
ating system. The future we have in mind for The Last Tree is to port it to PlayGG
and then make any addition or editing there. Concepts to improve the game turn-
ing it adaptive to the players’ (Specific) Computational Thinking Skills were already
sketched, but it will first need a well established assessment system and additional
notions of GGs, such as higher-order rules (MACHADO; RIBEIRO; HECKEL, 2015).
Getting back to validity, both versions, physical and digital, had just preliminary stud-
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ies from which we can only draw first impressions. They need deeper studies, with
higher amounts of participants and a randomized controlled trial approach to validate
themselves as scientifically successful educational interventions.

PlayGG. Our PGG engine is a long-term project and it is still on an early stage of
development. Many features are already foreseen, including the modifiers that would
be the concept of higher-order rules (MACHADO; RIBEIRO; HECKEL, 2015), a ro-
bust attribute system where new custom sorts can be created and defined, and an
AI building system, crucial for more complex games. A myriad of technical improve-
ments are also desired, such as imports and exports to other file formats, such as the
Graph eXchange Language (GXL) (HOLT; WINTER; SCHURR, 2000) and interface
improvements to enable a drag and drop editing in the Game Builder module.
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APPENDIX A SYSTEMATIC LITERATURE REVIEWS

Table A: Systematic Literature Reviews on Computational Thinking.
Ref Target Scope CT Def. Research Questions Findings

(L
Y

E
;K

O
H

,2
01

4)

Peer-
reviewed
empirical
inter-
vention
studies
on CT
through
program-
ming.

27 articles
selected
from ERIC
and SSCI
between
2009 and
2013.

(BRENNAN;
RESNICK,
2012).
Also cited:
(WING,
2006;
KAFAI;
BURKE,
2013).

RQ1: How has pro-
gramming been incor-
porated into k-12 cur-
ricula?
RQ2: What are the
reported outcomes in
terms student perfor-
mance in the CT di-
mensions?
RQ3: What interven-
tion approaches are
being used to foster
CT?

Programming is intro-
duced mostly by easy
to use visual program-
ming languages to cre-
ate digital stories and
games in a construc-
tionism based strategy
with positive outcomes
being reported on most
of the studies.

(IL
IC

;H
A

S
E

S
K

I;
TU

G
TE

K
IN

,2
01

8)

Scientific
papers
published
in journals
on CT.

96 articles
selected
from ERIC
and WOS
between
2006 and
2016.

Not Elected.
Also cited:
(WING,
2006; PA-
PERT, 1996;
DENNING,
2009; GUZ-
DIAL, 2008;
ISTE; CSTA,
2011).

RQ1*: What are the re-
search trends on CT?
RQ2*: How are the
studies distributed with
regard to indices, jour-
nals, citation counts,
objectives, paradigms
and year of publica-
tion?
RQ3*: What are their
main findings?

Studies cover a wide
range of fields, with sig-
nificant increase since
2013. However, major-
ity of studies are dis-
cussed based on com-
puter technologies and
CS. Most studies tar-
get primary education
and use surveys and
interviews with no com-
mon structural model
to evaluate. There is
a lack of studies on CT
measurement.

https://eric.ed.gov/?
https://mjl.clarivate.com/scope-notes
https://eric.ed.gov/?
https://www.webofknowledge.com/
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(B
A

R
C

E
LO

S
et

al
.,

20
18

)
Reported
evidences
of Math-
ematics
learning
in activi-
ties aimed
at devel-
oping CT
skills.

42 articles
selected
from IEEE
Xplore,
ACM DL,
ScienceDi-
rect and
Springer
Link be-
tween 2006
and 2017.

(ISTE;
CSTA,
2011).
Also cited:
(BRENNAN;
RESNICK,
2012;
GROVER;
PEA, 2013;
BARCE-
LOS; SIL-
VEIRA,
2012)

RQ1: How didactic ac-
tivities related to Com-
putational Thinking and
Math are conducted
and which is the target
audience for such ac-
tivities?
RQ2: Which CT and
Math skills and topics
are taught through di-
dactic activities?
RQ3: Which research
methods and proce-
dures are used to iden-
tify learning outcomes?

Most target basic ed-
ucation, but there is
a significant amount of
works targeting univer-
sity students. Planar
geometry and algebra
are the top topics, but
there is a wide variety.
Pre and post tests and
classroom observation
are the most used data
gathering instruments.

(S
IL

VA
et

al
.,

20
18

)

Full, pri-
mary CT
studies
with em-
pirical
results
focus-
ing high
school
students.

15 articles
selected
from IEEE
Xplore, ACM
DL, Sci-
enceDirect,
Scopus, Ei
Compen-
dex and ISI
WOS be-
tween 2002
and 2017.

(WING,
2006).
Also cited:
(WING,
2008; PA-
PERT, 1993;
LEE et al.,
2011).

RQ1: Which ap-
proaches have been
used to teach compu-
tational thinking to high
school students?
RQ2: Which were the
empirical results and
stimulus obtained from
the application of the
approaches used to
teach computational
thinking to high school
students?

The studies presented
the concept of CT
directly related to
programming. Ap-
proaches that use
computation allied to
routine disciplinary
activities make a dif-
ference in the way
students perform
tasks. No unplugged
approaches were se-
lected even being part
of the search string.

(H
S

U
;C

H
A

N
G

;H
U

N
G

,2
01

8)

Published
or in press
academic
journal
papers
and books
on CT.

120 articles
selected
from Scopus
(SSCI) be-
tween 2006
and 2017.

(WING,
2006, 2008;
GROVER;
PEA, 2013).

RQ1*: Which tax-
onomies and learning
strategies of CT does
the researchers follow?
RQ2*: What are the
concepts, subjects and
application domains of
CT in the literature?
RQ3*: How are those
studies distributed?
What are the relation-
ships between these
data?

The number of CT pa-
pers has seen a sub-
stantial rise in recent
years. It has been
integrated into differ-
ent subjects in a life-
based manner. Most
research centered on
Project and Problem-
oriented Learning. 19
thinking steps summa-
rizes the taxonomies
used.

https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://dl.acm.org/
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://dl.acm.org/
https://dl.acm.org/
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://www.scopus.com/
https://www.elsevier.com/solutions/engineering-village/content/compendex
https://www.elsevier.com/solutions/engineering-village/content/compendex
https://www.elsevier.com/solutions/engineering-village/content/compendex
http://www.isiwebofknowledge.com/
http://www.isiwebofknowledge.com/
https://www.scopus.com/
https://www.scopus.com/


136

(IO
A

N
N

O
U

;M
A

K
R

ID
O

U
,2

01
8)

Empirical
papers
on edu-
cational
robotics
for ad-
vancing
CT in
k-12.

9 from
ACM, SciDir,
Emerald,
JSTOR, G.
Scholar,
ERIC, Pro-
Quest, T&F,
Sage, Sco-
pus and
Springer be-
tween 2011
and 2016.

(WING,
2006, 2008;
GROVER;
PEA, 2013;
BARR;
STEPHEN-
SON, 2011;
BRENNAN;
RESNICK,
2012).

RQ1: How (and how
much) educational
robotics have been
used in K-12 contexts
to foster students? CT
skills?

The absence of a sys-
tem of indicators and
a standardized evalua-
tion methodology cre-
ated doubts in stu-
dents’ real progress.
Advancement of CT
was unclear, but there
are reported learning
gains, as problem solv-
ing, collaboration and
communication skills.

(C
ZE

R
K

A
W

S
K

I;
LY

M
A

N
,2

01
5)

Peer-
reviewed
papers
on CT in
higher ed-
ucation.

41 articles
selected
from EB-
SCO host,
ProQuest,
WOS, ED-
ITLibrary
and ACM
DL between
2006* and
2013*.

(WING,
2006, 2011)
Also cited:
(PAPERT,
1980; AHO,
2012; DEN-
NING, 2007,
2009; GUZ-
DIAL, 2008).

RQ1*: What is the sta-
tus and potential of CT
in higher education?
RQ2*: How is CT
being viewed and
approached outside of
the computer science
field?

Much of the work sum-
marized in the paper
has focused on defi-
nitional issues, imple-
mentation of CT in CS
curricula and efforts
to infuse CT strate-
gies into other disci-
plines. There still ex-
ists the need for cur-
ricular studies, quality
learning and teaching
tools and assessment
procedures.

(S
H

U
TE

;S
U

N
;A

S
B

E
LL

-C
LA

R
K

E
,2

01
7)

Quality
empirical
and the-
oretical
papers
focusing
specifi-
cally on
CT.

70 articles
selected
from Google
Scholar,
PsycINFO,
ERIC and
JSTOR be-
tween 2006
and 2017*.

(PAPERT,
1980;
WING,
2006, 2011)
Also cited:
(BARR;
HARRI-
SON; CON-
ERY, 2011;
BERLAND;
WILENSKY,
2015; IS-
RAEL et al.,
2015).

RQ1: What are the ma-
jor characteristics and
components of CT?
RQ2: What interven-
tions are (or may be)
used to train/enhance
CT?
RQ3: What types of
measures are used to
assess CT?
RQ4: What are the
main theoretical frame-
works/models of CT?

A generally agreed-
upon definition of CT
is missing in the lit-
erature. Inconsistent
term usage occurs in
many papers, such
as conflating CS, pro-
gramming and CT.
There is a difficulty
in judging whether in-
class CT interventions
actually achieve their
desired results. The
paper then presents its
own definition for CT.

https://dl.acm.org/
https://www.sciencedirect.com/
https://www.emerald.com/insight/
https://www.jstor.org/
https://scholar.google.com/
https://scholar.google.com/
https://eric.ed.gov/?
https://search.proquest.com/
https://search.proquest.com/
https://www.tandfonline.com/
https://journals.sagepub.com/
https://www.scopus.com/
https://www.scopus.com/
https://link.springer.com/
https://www.ebsco.com/products/ebscohost-platform
https://www.ebsco.com/products/ebscohost-platform
https://search.proquest.com/
http://www.webofknowledge.com/WOS
https://dl.acm.org/
https://dl.acm.org/
https://scholar.google.com/
https://scholar.google.com/
https://www.apa.org/pubs/databases/psycinfo/
https://eric.ed.gov/?
https://www.jstor.org/
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(H
A

S
E

S
K

I;
IL

IC
;T

U
G

TE
K

IN
,2

01
8)

Scientific
papers
and sec-
ondary
sources
that in-
cludes a
definition
of CT.

38 articles
selected
from ERIC
and WOS
+ 21 re-
sources
selected
from Google
between
1996 and
2016.

(WING,
2006;
DISESSA,
2001; GUZ-
DIAL, 2008;
ISTE; CSTA,
2011; NRC
et al., 2010).

RQ1*: What are the
definitions already de-
veloped for CT?
RQ2*: Which concepts
are included in many
of those definitions?
Which trends could be
identified in them?

It was determined
that although the cur-
rent CT is shaped
by technology-aided
problem solving, dif-
ferent dimensions that
are effective in the
process were intro-
duced over time. The
paper presents several
recommendations for
future definitions.

(L
O

C
K

W
O

O
D

;M
O

O
N

E
Y

,2
01

7)

CT stud-
ies, rang-
ing from
theo-
retical
papers to
empirical
inter-
vention
reports.

175 articles
selected
from ACM
DL, IEEE
Xplore,
ERIC and
Google
Scholar + 21
resources
selected
from Google
between
2006* and
2016.

(WING,
2006, 2008;
PAPERT,
1980; LU;
FLETCHER,
2009).

RQ1: What methods/
tests/tools exist to test
students computational
thinking improvement?
RQ2: Why is CT
important for educa-
tional institutions to
incorporate into their
curriculums?
RQ3: How has CT
been incorporated
into already existing
courses?
RQ4: What tools have
been used to teach
CT?
RQ5: How has CT
been taught in institu-
tions?

58 paged study pre-
senting a detailed
overview including
10+ summaries of
other CT SLR papers,
discussion on assess-
ment studies, gains
on teaching CT, CT
on existing subjects
(sciences, biology,
math, physics, english,
dance), 50 tools to
teach CT and CT
approaches on early
education, primary
school, secondary
school and college.

https://eric.ed.gov/?
http://www.webofknowledge.com/WOS
https://www.google.com/
https://dl.acm.org/
https://dl.acm.org/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://eric.ed.gov/?
https://scholar.google.com/
https://scholar.google.com/
https://www.google.com/
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(K
IR

W
A

N
;C

O
S

TE
LL

O
;D

O
N

LO
N

,2
01

8)
Reports
of peda-
gogical
ap-
proaches
for teach-
ing CT
online in
k-12.

40 articles
selected
from ACM,
Inspec, EB-
SCO (ERC
and BEI),
ERIC and
Compendex
between
2005* and
2018*.

(WING,
2006; PA-
PERT, 1980;
NRC et al.,
2010).

RQ1: What are the
current pedagogical
approaches to teach-
ing CT online?
RQ2: What were the
categories of online
learning observed in
the teaching of CT?

Visual programming
languages are the
most popular means
of teaching CT online.
Constructionism was
the most common
pedagogical approach,
even studies based
on game play showed
constructionist activi-
ties. The CT definition
differs depending on
the teaching tool,
because of that, it is
highlighted the impor-
tance and the need for
a CT definition.

(K
O

N
G

,2
01

9)

Studies
related to
program-
ming and
CT evalu-
ation.

24 articles
selected
from [not
mentioned]
between
2010 and
2019.

(BRENNAN;
RESNICK,
2012). Also
cited: (PA-
PERT, 1980;
WING,
2006, 2011;
AHO, 2012)

RQ1: What evaluation
components should
be included in the CT
concepts, practices
and perspectives di-
mensions according to
the CT framework pro-
posed by (BRENNAN;
RESNICK, 2012) in
K-12?
RQ2: What methods
are appropriate for
evaluating the CT
components in each
dimension in this
context?

The most frequent
methods for evaluat-
ing are: test designs
with multiple choice
type questions in
programming con-
text for concepts;
task/project rubrics
for practices; and sur-
veys for perspectives.
Summarizing their slr
findings, the study
proposes evaluating
9 CT concepts, 7 CT
practices and 3 CT
perspectives.

https://dl.acm.org/
https://www.theiet.org/publishing/inspec/
https://www.ebsco.com/products/research-databases/education-research-complete
https://www.ebsco.com/products/research-databases/british-education-index
https://eric.ed.gov/?
https://www.elsevier.com/solutions/engineering-village/content/compendex
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(R
O

M
Á

N
-G

O
N

ZÁ
LE

Z;
M

O
R

E
N

O
-L

E
Ó

N
;R

O
B

LE
S

,2
01

9) Studies
pre-
senting
or dis-
cussing
CT as-
sessment
tools.

24* articles
selected
from [not
mentioned]
between
2008* and
2019*.

(WING,
2006; BOC-
CONI et al.,
2016).
Also cited:
(WING,
2008; LYE;
KOH, 2014)

RQ1*: What are the
currently used tools for
evaluating CT?
RQ2*: What do they
have in common, how
should they be classi-
fied?
RQ3*: What is the
chronological focus of
each tool (pretest, pro-
gression, posttest or
retention and transfer)?

CT assessment tools
are listed, classi-
fied and discussed
as diagnostic tools,
summative tools,
formative-iterative
tools, data-mining
tools, skill transfer,
perceptions-attitudes
scales and/or vocab-
ulary assessments.
There are presented
two convergent validity
studies between three
of those instruments:
dr. Scratch, CTt and
Bebras Tasks.

(Z
H

A
N

G
;N

O
U

R
I,

20
19

)

Empirical
studies on
CT using
Scratch in
k-9.

55 arti-
cles se-
lected from
ACM DL,
ERIC, Sci-
enceDirect,
Springer
Link and
WOS be-
tween 2007
and 2017
(january of
2018).

(BRENNAN;
RESNICK,
2012).
Also cited:
(BARR;
STEPHEN-
SON, 2011;
GROVER;
PEA, 2013)
and others

RQ1: What CT skills
can be obtained
through Scratch for
K-9 learners, given the
empirical evidence?

The results demon-
strate that all CT
skills in (BRENNAN;
RESNICK, 2012) can
be delivered through
the use of Scratch.
Additional CT skills
were found in the ex-
amined literature: i/o,
reading, interpreting
and communicating
code, using multimodal
media, predictive
thinking and human-
computer interaction.
The most frequent CT
skills identified are
loops, algorithms and
conditionals.

https://dl.acm.org/
https://eric.ed.gov/?
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://www.webofknowledge.com/
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(A
G

B
O

et
al

.,
20

19
)

Peer-
reviewed
and pub-
lished
papers
on CT,
problem-
solving
and pro-
gramming
education
at HEIs.

33 articles
selected
from ACM
DL, Sci-
enceDirect,
Springer
Link and
IEEE Xplore
between
2010 and
2018.

(WING,
2006; DEN-
NING;
TEDRE,
2019;
BARR;
STEPHEN-
SON, 2011;
MANNILA
et al., 2014)

RQ1: How has the use
of CT been explored
for teaching program-
ming in HEIs?
RQ2: What are the
ways CT approach has
been used to teach
programming educa-
tion in HEIs?
RQ3: How has the
use of CT approach for
teaching programming
impacted students
learning experience?

Some CT courses are
designed to under-
graduate entry-level
students to prepare for
introductory program-
ming courses. Among
the positive outcomes
of the studies, CT was
shown to bridge the
gap between students
with and without pro-
gramming background.
CT is suitable for de-
signing Smart Learning
Environments.

(A
R

A
U

JO
;A

N
D

R
A

D
E

;G
U

E
R

R
E

R
O

,2
01

6)

Workshop,
confer-
ence or
journal full
papers
that report
primary
studies on
assessing
CT.

27 arti-
cles se-
lected from
ACM DL,
ERIC, Sci-
enceDirect,
Springer
Link, IEEE
Xplore and
Scopus be-
tween 2009
and 2016.

(WING,
2006;
HU, 2011;
SELBY;
WOOL-
LARD, 2013;
GROVER;
PEA, 2013;
VOOGT
et al., 2015)

RQ1: What are
the pedagogical ap-
proaches for promoting
CT and for which kind
of audience?
RQ2: What are the
skills assessed in CT?
RQ3: What are the
instruments or arti-
facts for assessing CT
abilities?

Courses are the most
frequent pedagogical
approach and among
them, Scratch ones
leads the frequency.
The most assessed
skills are algorithms
and abstraction.
Multiple-choice ques-
tionnaire is the most
common artifact for
assessing CT abilities.

(S
A

N
TO

S
;A

R
A

U
JO

;B
IT

TE
N

C
O

U
R

T,
20

18
)

Studies
on Com-
putational
Thinking
and Pro-
gramming
(CT&P) in
Brazilian
K-12 edu-
cation.

338 articles
selected
from CEIE
and Google
Scholar be-
tween 2001
and 2016.

(WING,
2006;
BARR;
STEPHEN-
SON, 2011)

RQ1: How do Brazilian
initiatives teach CT&P
in K-12 education?
RQ2: Which stages or
modalities of educa-
tion have the studies
focused in?
RQ3: Which particular
methodological con-
texts or domains have
been used to illustrate
CT&P?
RQ4: Which tools
and programming
languages are being
used to develop CT&P
skills?

Most studies are
experience reports
described in work-
shops, concentred in
High School and Fun-
damental Education.
Much was motivated
by the need of IT pro-
fessionals. Games and
Robotics are predomi-
nant to teach CT&P in
Brazil. Fair number of
unplugged and hands-
on, but programming
(mostly Scratch) is the
main mean to develop
CT&P.

https://dl.acm.org/
https://dl.acm.org/
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://dl.acm.org/
https://eric.ed.gov/?
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://www.scopus.com/
https://www.br-ie.org/pub/
https://scholar.google.com/
https://scholar.google.com/
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(H
IC

K
M

O
TT

;P
R

IE
TO

-R
O

D
R

IG
U

E
Z;

H
O

LM
E

S
,2

01
8) Peer-

reviewed
studies
focused
on CT in
k-12.

393 articles
selected
from ACM
DL, Pro-
Quest, Sci-
enceDirect,
Springer
Link, IEEE
Xplore and
EBSCO
(megafile
premier) be-
tween 2001
and 2016.

(WING,
2006; PA-
PERT,
1980). Also
cited: (LYE;
KOH, 2014;
BRENNAN;
RESNICK,
2012)

RQ1: What peer-
reviewed studies have
been published from
2006 to 2016 in rela-
tion to computational
thinking in K?12 edu-
cational contexts?
RQ2: Do these studies
link computational
thinking to the learning
of mathematics and, if
so, in which ways?

The lack of multidis-
ciplinary research
projects that involve
both education and
computer science re-
searchers is identified
as gap in the literature.
Empirical studies that
explicitly linked the
learning of mathemat-
ics concepts to CT
were uncommon, most
incidentally link those
areas.

(K
A

LE
LI

O
G

LU
;G

U
LB

A
H

A
R

;K
U

K
U

L,
20

16
)

Published
articles
and con-
ference
papers on
CT.

125 arti-
cles se-
lected from
ACM DL,
WOS, Sci-
enceDirect,
Springer
Link, IEEE
Xplore and
EBSCO be-
tween 2006
and 2014.

(WING,
2006; ISTE;
CSTA,
2011).

RQ1: What is reported
in terms of purpose of
the papers, targeted
population, empha-
sised theoretical/con-
ceptual background,
suggested definitions,
chosen framework/s-
cope, paper types and
employed research
design in CT literature,
between 2006 and
2014?

Main purpose is inte-
gration of CT in the
curriculum and k-12 is
the main target. The-
oretical basis are of-
ten game-based learn-
ing and construction-
ism. CT definitions
include problem solv-
ing and abstraction the
most. More than 80%
are conference papers,
most being idea pa-
pers.

*This information was not explicitly given in the paper, it was rather inferred by the authors of
this table through analysis of the text
PS: All the Research Questions in column 5 are answered in their respective papers, despite
their answers sometimes not being included in the respective findings column in this table.

https://dl.acm.org/
https://dl.acm.org/
https://search.proquest.com/
https://search.proquest.com/
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://www.ebsco.com/products/ebscohost-platform
https://www.ebsco.com/products/ebscohost-platform
https://www.ebsco.com/products/ebscohost-platform
https://dl.acm.org/
https://www.webofknowledge.com/
https://www.sciencedirect.com/
https://www.sciencedirect.com/
https://link.springer.com/
https://link.springer.com/
https://ieeexplore.ieee.org/Xplore/home.jsp
https://ieeexplore.ieee.org/Xplore/home.jsp
https://www.ebsco.com/products/ebscohost-platform
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APPENDIX B COMPUTATIONAL THINKING DEFINITIONS

Table B: Definitions of Computational Thinking in the literature.
Reference Definition
(WING, 2008) Computational Thinking is taking an approach to solving problems, designing

systems and understanding human behaviour that draws on concepts funda-
mental to computing.

(WING, 2011) Computational Thinking describes the mental activity in formulating a problem
to admit a computational solution.

(WING, 2011)1 Computational thinking is the thought processes involved in formulating prob-
lems and their solutions so that the solutions are represented in a form that
can be effectively carried out by an information-processing agent.

(DENNING,
2009)

Computational Thinking (...) means a mental orientation to formulating prob-
lems as conversions of some input to an output and looking for algorithms to
perform the conversions.

(TEDRE; DEN-
NING, 2016)

Computational Thinking - the habits of mind that many of us (computer science
professionals*) have developed from designing programs, software packages,
and computations performed by machines.

(DENNING;
TEDRE, 2019)

Computational Thinking is the mental skills and practices for designing com-
putations that get computers to do jobs for us, and explaining and interpreting
the world as a complex of information processes.

(DISESSA,
2001)

Computational Thinking is (...) how one can use the methods and perspectives
of computer science.

BERLAND;
LEE (2011
apud
DISESSA,
2001)

Computational Thinking is (...) the ‘cognitive pillar’ of (computational*) literacy
? how to use computation to think through hard problems.

(ISTE; CSTA,
2011)

Computational Thinking is a problem-solving process that includes (but is not
limited to) the following characteristics: formulating problems in a way that
enables us to use a computer and other tools to help solve them; logically
organizing and analyzing data; representing data through abstractions, such
as models and simulations; automating solutions through algorithmic thinking
(a series of ordered steps); identifying, analyzing, and implementing possible
solutions with the goal of achieving the most efficient and effective combination
of steps and resources; and generalizing and transferring this problem-solving
process to a wide variety of problems.
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(BRENNAN;
RESNICK,
2012)

Computational Thinking (...) involves three key dimensions: computational
concepts (the concepts designers employ as they program[:sequences, loops,
parallelism, events, conditionals, operators, and data.*]), computational prac-
tices (the practices designers develop as they program[:being incremental and
iterative, testing and debugging, reusing and remixing, and abstracting and
modularizing*]), and computational perspectives (the perspectives designers
form about the world around them and about themselves[:expressing, con-
necting and questioning*]).

(BARR;
STEPHEN-
SON, 2011)

Computational Thinking is an approach to solving problems in a way that can
be implemented with a computer. Students become not merely tool users but
tool builders. They use a set of concepts, such as abstraction, recursion, and
iteration, to process and analyze data, and to create real and virtual artifacts.
Computational Thinking is a problem solving methodology that can be auto-
mated and transferred and applied across subjects.

(GROVER;
PEA, 2013)

Computational Thinking’s essence is thinking like a computer scientist when
confronted with a problem.

(SELBY;
WOOLLARD,
2014)

Computational Thinking is an activity associated with problem solving, often
resulting in an artefact or product. Computational Thinking is a cognitive pro-
cess resulting in an automation that is developed by the use of abstraction,
decomposition, algorithmic design, evaluation, and generalisation.
Computational Thinking is a brain-based activity that enables problems to be
resolved, situations better understood, and values better expressed through
systematic application of abstraction, decomposition, algorithmic design, gen-
eralisation, and evaluation in the production of an automation implementable
by a digital or human computing device.

(MANNILA
et al., 2014)

Computational Thinking refers to a cross-curricular perspective and set of
problem-solving skills.

(Royal Soci-
ety, 2012)

Computational Thinking is the process of recognising aspects of computa-
tion in the world that surrounds us, and applying tools and techniques from
Computer Science to understand and reason about both natural and artificial
systems and processes.
(computational thinking is the distinct way of thinking of the Computer Science
discipline*).
Computational Thinking (is defined*) as the conceptual foundation required
to solve problems effectively and efficiently (i.e., algorithmically, with or with-
out the assistance of computers) with solutions that are reusable in different
contexts.

(ANGELI et al.,
2016)

Computational Thinking is a thought process that utilizes the elements of ab-
straction, generalization, decomposition, algorithmic thinking, and debugging
(detection and correction of errors).

(LU;
FLETCHER,
2009)

(Computational Thinking*) is a way of solving problems and designing systems
that draws on concepts fundamental to computer science.
Computational Thinking – what we synonymously call basic computer science

(YADAV et al.,
2014)

Computational Thinking is broadly defined as the mental activity for abstract-
ing problems and formulating solutions that can be automated.
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(BOCCONI
et al., 2016)

Computational Thinking describes the thought processes entailed in formulat-
ing a problem so as to admit a computational solution involving abstraction,
algorithmic thinking, automation, decomposition, debugging and generaliza-
tion.

(IOANNIDOU
et al., 2011)

Computational Thinking is a way of thinking that encompasses the use of
Computational Thinking Patterns (cursor control, hill climbing, collision, push,
pull, transport, generation, absorption, choreography, diffusion, path find-
ing/seeking, collaborative diffusion and multiple needs*) for building games
and simulations.

(REPENNING;
BASAWAP-
ATNA; ES-
CHERLE,
2016)

Computational Thinking is an iterative process describing thinking with com-
puters by synthesizing human abilities with computer affordances.

(KAFAI;
BURKE, 2013)

Computational Thinking – while often strictly associated with computer sci-
ence – actually is better understood as extending computer science principles
to other disciplines in order to help break down the elements of any problem,
determine their relationship to each other and the greater whole, and then
devise algorithms to arrive at an automated solution.

(LEE et al.,
2011)

Computational Thinking has been described as the use of abstraction, au-
tomation, and analysis in problem-solving.
Computational Thinking is (...) a set of thinking skills, habits and approaches
that are integral to solving complex problems using a computer and widely
applicable in the information society.

(AHO, 2012) We consider Computational Thinking to be the thought processes involved in
formulating problems so their solutions can be represented as computational
steps and algorithms.

(HU, 2011) Computational Thinking is thinking to solve problems, automate systems, or
transform data by constructing models and representations, concrete or ab-
stract, to represent or to model the inner-working mechanism of what is being
modeled or represented as an information process to be executed with appro-
priate computing agents.

(HU, 2011)2 (Computational Thinking is a form of*) thinking that involves a set of problem-
solving skills and techniques that software engineers use to write programs
that underlay the computer applications.
Computational Thinking is thinking about data by using computers to summa-
rize, massage, or transform data into a more easily understood form.

(SENGUPTA
et al., 2013)

Computational Thinking draws on concepts and practices that are fundamen-
tal to computing and computer science. It includes epistemic and representa-
tional practices, such as problem representation, abstraction, decomposition,
simulation, verification, and prediction.

(CSIZMADIA
et al., 2015)

(Computational Thinking*) is the process of recognising aspects of computa-
tion in the world that surrounds us and applying tools and techniques from
computing to understand and reason about natural, social and artificial sys-
tems and processes.
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Computational thinking is a cognitive or thought process involving logical rea-
soning by which problems are solved and artefacts, procedures and systems
are better understood.

*The section in these brackets was added/modified by the authors of this table.
1This definition is credited to an unpublished work of Jan Cuny, Larry Snyder and Jeannette
M. Wing.
2This is a quote where authors reference an informal resource, rather than being their own
definition.
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APPENDIX C COMPUTATIONAL THINKING SKILLS

Table C (split in the two next pages) shows how terms related to Com-

putational Thinking are found in multiple sources in the literature. First

column refers the source, the following columns represent a term each.

Green cells means the term was found exactly as shown in the first row

of the table. Yellow cells means a synonym of the term, or parts of it (if

the term is a collection) were found. Orange cells means the term could

be inferred by the text in the source. Red cells means the source states

that Computational Thinking is NOT about the term (or at least not JUST

about it), or a recommendation to not use the term when approaching

Computational Thinking. Grey cells means the term was not mentioned.

The table is succeeded by Figure 43, that visually represents the table

as a complex Venn diagram where each set is a source (listed at the left

and right corners) and the intersections are the terms. The number in

parenthesis after each term is the number of sets that contain the term.

Several other figures follow Figure 43, each of them highlighting the set

of a single source (highlighting a row of Table C).
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Table C: Computational Thinking Skills by author.
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(WING, 2006)
(WING, 2008)
(WING, 2011)
(ISTE; CSTA, 2011)
(BRENNAN;
RESNICK, 2012)
(BARR; STEPHEN-
SON, 2011)
(GROVER; PEA,
2013)
(SELBY; WOOL-
LARD, 2014)
(MANNILA et al.,
2014)
(Royal Society,
2012)
(SHUTE; SUN;
ASBELL-CLARKE,
2017)
(ANGELI et al.,
2016)
(VOOGT et al.,
2015)
(LU; FLETCHER,
2009)

The term was found exactly as shown in this table. A synonym of the term was found. The term can be inferred by the text.
The term was explicitly denied. The term was not mentioned.
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(YADAV et al.,
2014)
(BOCCONI et al.,
2016)
(IOANNIDOU et al.,
2011)
(REPENNING; BA-
SAWAPATNA; ES-
CHERLE, 2016)
(WEINTROP et al.,
2016)
(KAFAI; BURKE,
2013)
(BERLAND; LEE,
2011)
(LEE et al., 2011)
(ATMATZIDOU;
DEMETRIADIS,
2016)
(AHO, 2012)
(HU, 2011)
(SENGUPTA et al.,
2013)
(KALELIOGLU;
GULBAHAR;
KUKUL, 2016)
(CSIZMADIA et al.,
2015)
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The term was found exactly as shown in this table. A synonym of the term was found. The term can be inferred by the text.
The term was explicitly denied. The term was not mentioned.
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Figure 43 – Computational Thinking skills based on multiple authors.
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Figure 44 – Computational Thinking skills based on (WING, 2006).

Figure 45 – Computational Thinking skills based on (WING, 2008).
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Figure 46 – Computational Thinking skills based on (WING, 2011).

Figure 47 – Computational Thinking skills based on (ISTE; CSTA, 2011).

Figure 48 – Computational Thinking skills based on (BRENNAN; RESNICK, 2012).
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Figure 49 – Computational Thinking skills based on (BARR; STEPHENSON, 2011).

Figure 50 – Computational Thinking skills based on (GROVER; PEA, 2013).

Figure 51 – Computational Thinking skills based on (SELBY; WOOLLARD, 2014).
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Figure 52 – Computational Thinking skills based on (MANNILA et al., 2014).

Figure 53 – Computational Thinking skills based on (Royal Society, 2012).

Figure 54 – Computational Thinking skills based on (SHUTE; SUN; ASBELL-CLARKE,
2017).
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Figure 55 – Computational Thinking skills based on (ANGELI et al., 2016).

Figure 56 – Computational Thinking skills based on (VOOGT et al., 2015).

Figure 57 – Computational Thinking skills based on (LU; FLETCHER, 2009).
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Figure 58 – Computational Thinking skills based on (YADAV et al., 2014).

Figure 59 – Computational Thinking skills based on (BOCCONI et al., 2016).

Figure 60 – Computational Thinking skills based on (IOANNIDOU et al., 2011).
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Figure 61 – Computational Thinking skills based on (REPENNING; BASAWAPATNA;
ESCHERLE, 2016).

Figure 62 – Computational Thinking skills based on (WEINTROP et al., 2016).

Figure 63 – Computational Thinking skills based on (AHO, 2012).



157

Figure 64 – Computational Thinking skills based on (HU, 2011).

Figure 65 – Computational Thinking skills based on (KAFAI; BURKE, 2013).

Figure 66 – Computational Thinking skills based on (BERLAND; LEE, 2011).
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Figure 67 – Computational Thinking skills based on (LEE et al., 2011).

Figure 68 – Computational Thinking skills based on (SENGUPTA et al., 2013).

Figure 69 – Computational Thinking skills based on (KALELIOGLU; GULBAHAR;
KUKUL, 2016).



159

Figure 70 – Computational Thinking skills based on (CSIZMADIA et al., 2015).

Figure 71 – Computational Thinking skills based on (ATMATZIDOU; DEMETRIADIS,
2016).
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ANNEXES
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ANNEX A INFORMAL RESOURCES

Figure 72 – Computational Thinking skills according to “iCompute Teaching”.
Source: iCompute Teaching Ltd.

http://www.icompute-uk.com/news/computational-thinking-2/
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Figure 73 – Computational Thinking skills according to “Computational Thinkers”.
Source: Computational Thinkers.

Figure 74 – Computational Thinking skills according to “Robo Garden”.
Source: Robo Garden.

https://www.computationalthinkers.com/product/computationalthinking/
https://robogarden.ca/blog/a-traditional-approach-to-computational-thinking-in-daily-life
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Figure 75 – Computational Thinking skills according to “ORIGO Education”.
Source: ORIGO Education.

Figure 76 – Computational Thinking skills as in (HARIMURTI; ASTO et al., 2019)
Source: Research Gate.

https://www.origoeducation.com/blog/webinar-computational-thinking-to-strengthen-elementary-mathematics-parts-1-and-2/
https://www.researchgate.net/publication/333826796_The_concept_of_computational_thinking_toward_information_and_communication_technology_learning/figures?lo=1
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Figure 77 – Computational Thinking skills according to “CAS Barefoot”
Source: Callysto, credited to Barefoot Computing.

https://callysto.ca/computational-thinking-101/
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