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Computational thinking (CT) is arising as a set of problem-solving skills that must be acquired by the
new generations of students to fully understand and participate in our computer-based world. However,
from a psychometric approach, we are still at an early stage regarding the definition and assessment of
CT as a psychological variable. One way to advance in this area is to investigate whether ‘computationally
talented’ students (i.e., ‘computational top thinkers’) can be detected even before learning to code; and,
if so, how to teach them properly to fully develop their high-computational ability. This paper presents
several empirical concatenated studies about the predictive validity of the Computational Thinking Test
(CTt), which is administered on a sample of 314 middle school Spanish students (n = 314). We report
the predictive validity of the CTt, conducted at the beginning of the quarter, with respect to academic
performance (Informatics, Mathematics, and Language) and learning analytics in a Code.org course
collected at the end of the quarter. We also analyze the predictive validity of the CTt to early distinguish
between ‘computational regular thinkers’ and ‘computational top thinkers’ (i.e., those who spontaneously
accelerated from the ‘block-based’ programming environment of Code.org to the ‘text-based’ one of Khan
Academy). Finally, we perform a case study over two of the students categorized as ‘computational
top thinkers’, in which one of their coding products written in Processing JavaScript is described. Our
results demonstrate that ‘computationally talented’ students can be detected in middle school, and that
these subjects have the ability to accelerate in the Computer Science Education standards between 1
and 2 years compared to the regular learners. This could have major implications on the emerging
computing curricula, which should take into account these individual differences in computational ability
and ‘learning-how-to-code’ speed to ensure an appropriate progression for every student.
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We are living in a computer-based world full of objects driven
by software [1]. In this scenario, where computing has become
ubiquitous and underpins every life dimension, to handle the lan-
guage of computers is emerging as indispensable to fully partic-
ipate and thrive in our digital societies [2]. Therefore, computer
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programming is becoming considered as a new literacy (‘code
literacy’) [3,4]. If code literacy refers ultimately to an emerging
read-write practice, computational thinking (CT) refers to the un-
derlying problem-solving process that allows it [5]. In other words,
computer programming is the fundamental way that enables CT
to come alive [6], a key tool for supporting the cognitive tasks
involved in CT, and a demonstration of computational compe-
tencies [7]. However, CT can be projected on different kinds of
problems that may not involve directly programming tasks [8,9].
Given this current reality, it is not surprising that CT is arising
as a key set of problem-solving skills that must be acquired by the
new generations of digital learners, and many countries around
the world have decided to incorporate computer programming and
CT in their curricula [10,11]. Nevertheless, from a psychometric
approach, we find several reasons to affirm that we are still at an
early stage in regards to the definition and assessment of CT as a
psychological construct (i.e., as a psychological variable):

1. There is still a lack of consensus about a definition of CT [12-
14].

2. There is still a worrying vacuum of standardized tests aimed
to measure CT that have undergone a full validation pro-
cess [15]. As it has been pointed out by [16], there is an
urgent need for having standardized tools in the Computer
Science (CS) Education community.

3. Related to the previous point, since there is a lack of CT val-
idated tests, the nomological network of CT (i.e., the corre-
lations between CT and other key psychological constructs)
has not been fully defined by the researchers yet [17].

4. Finally, resulting from the above, we are missing out the
benefits of having validated tools for assessing CT. For ex-
ample, one benefit could be to evaluate confidently if a CS
curriculum has been effective to improve the CT of the stu-
dents (e.g., through a pre-post quasi-experimental research
design) [6]. Another one could be to early detect students
with special needs in CT ability, even before they start to
learn computer programming, in order to implement proper
and personalized educational interventions.

Since there is still no consensus on a CT definition, it is necessary
to make explicit that we have assumed for our work the one given
by Aho, who conceptualizes CT as the thought processes involved
in formulating problems so “their solutions can be represented
as computational steps and algorithms” [18]. It could be argued
that this definition over-identifies CT with algorithmic thinking,
and gives a narrow and reductionist view of CT. However, we se-
lected Aho’s general definition because it is useful to subsequently
derivate specific operational ones from where CT assessment tools
can be designed, which is essential for our psychometric research
approach. In other words, algorithmic thinking seems to be a cen-
tral part of CT, and specifically the most susceptible part for being
measured. Furthermore, relevant authors have recently synthe-
sized CT as “the conceptual foundation required to solve problems
effectively and efficiently (i.e., algorithmically, with or without the
assistance of computers)” [ 14]. We assume this statement too, and
remind that, although CT ability can be mainly demonstrated by
means of computer programming, it can also be expressed within
unplugged contexts [19,20].

In any case, if the aforementioned issues are not addressed soon,
CT is at risk of not being seriously considered in the context of
educational psychology, and even more important, CT might have
an unsuccessful way into the K-12 curricula [7,12]. In response, one
of the major recent attempts to design and validate a CT assess-
ment tool is the Computational Thinking Test (CTt) [21], which has
demonstrated to be valid and reliable (internal consistency «=.80;
test-retest stability ryx=.70) in Spanish middle school subjects [17].
The administration of the CTt to over one thousand middle school

students without prior formal programming experience showed
a quasi-normal distribution with large variability [17]. Conse-
quently, in order to design adequate and personalized educational
actions, the individual differences in computational ability that
seem to exist should be deeply described. In this paper, we will
focus on the right tail of the distribution, that is, on students with
high computational ability.

Furthermore, the criterion validity of the CTt with respect to
other cognitive and non-cognitive psychological variables has been
already reported. Regarding the former [17], statistically signif-
icant correlations at least moderately intense between CT and
problem-solving ability (r = .67), spatial ability (r = .44), and
reasoning ability (r = .44) have been found. Regarding the lat-
ter [22,23], published results show statistically significant corre-
lations between CT and three of the dimensions from the ‘Big
Five’ model of human personality: Openness to Experience (r =
A41), Extraversion (r = .30), and Conscientiousness (r = .27). In
summary, these results have contributed to start the definition of
the nomological network of CT, and to empirically corroborate the
conceptualization of CT as a problem-solving ability linked with
general mental ability (‘g’). Further description about the CTt will
be given in paragraph 3.2.1.

However, the predictive validity of the CTt has not been studied
yet. Then, our research questions are:

e RQq: What is the predictive validity of the CTt regarding aca-
demic performance?

e RQ,: What is the predictive validity of the CTt regarding coding
achievement?

e RQs: What is the predictive validity of the CTt to early detect
‘computationally talented’ students?

2. Background

In this section, we revise the three main issues that can con-
textualize our further results. Firstly, we describe other cognitive
correlates of academic performance and programming proficiency.
Secondly, we look in the literature for evidence supporting the ex-
istence and nature of computational talent. Finally, we consider the
ways in which acceleration is specified in the field of CS education
for middle school ages.

2.1. Cognitive correlates of academic performance and coding
achievement

It is commonly proven that cognitive abilities (e.g., reasoning,
processing speed, working memory) and executive function highly
correlates (usually with r>.40) with academic performance along
K-12 education [24-27]. This fact is especially evident when one
studies the relations between general mental ability (‘g’) and gen-
eral academic performance operationalized such as standardized
test scores (SAT/ACT) or school grade-point average (GPA) [28-
30]. Additionally, it is usually found in the literature an average
correlation of .50<r<.85 approximately between cognitive abil-
ities and academic performance when the latter refers to math
and science [31,32]. In contrast, the magnitude of correlation is
slightly lower but still high with respect to academic performance
in language [25,33].

When it comes to the cognitive correlates of coding achieve-
ment, most of the literature has been focused on university or, to
a lesser extent, on high school students in the context of learning
textual programming languages (e.g., Pascal, BASIC or COBOL) [34-
39]. The main cognitive predictors of programming achievement
found in literature are: general cognitive ability [38]; general ap-
titudes [39]; level of cognitive development [35] as defined by
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Table 1
Number of results in Google Scholar.

Search input term Number of results

February 2017 October 2017
“musical talent” 24,300 27,600
“artistic talent” 23,100 23,900
“mathematical talent” 5,780 5,870
“sport talent” 1,330 1,510
“programming talent” 792 851
“computational talent” 15 20

Piaget; mathematics reasoning and verbal ability [35]; working-
memory, some specific word problem solving abilities (i.e., prob-
lem identification and sequencing of elements), and some learning
style measures (i.e., asking for hints and running programs) [36];
and spatial visualization [37]. However, there is a lack of research
regarding cognitive correlates of coding achievement in middle
school ages and in the context of visual programming languages
(e.g., Blockly or Scratch).

2.2. Computational talent

The detection of gifted and talented students has been matter of
study in general [40-42], and particularly in many disciplines, such
as music [43] or mathematics [44], or for specific groups, such as
minorities [45] and disadvantaged [46], among others.

However, to the knowledge of the authors, no specific research
has been performed to identify gifted and talented middle school
students in the field of coding or programming. Maybe the one
that comes closest is a group of scholars that has devoted some
efforts in the identification of talented students in areas that
are relatively nearby to ‘pure’ programming tasks, such as three-
dimensional computer graphics programming [47], User-Centered
Design (UCD) methodologies [48], and design [49]. In the afore-
mentioned studies, the critical variables to identify these talents
are cognitive load (i.e., mental effort being used in the working-
memory within a problem-solving context), spatial ability, and
imagination personality factor (close to the ‘Openness to Experi-
ence’ dimension from the ‘Big Five’ model). Thus, it seems clear that
‘computational talent’ is still an area of research to be explored, as
suggested by the data shown in Table 1.

Then, we wonder which kind of behaviors might characterize
and distinguish ‘computationally talented’ students. So, in adult
ages, it is widely spread that for instance the participation in
Free/Open Source Software (FOSS) communities is seen as a “sig-
naling of talent” by developers [50] that improves their careers
and future employment opportunities. Nevertheless, if we descend
to middle school ages, an important computational talent signal
might be the ability to accelerate from visual ‘block-based’ to ‘text-
based’ programming environments [51-54], as evidenced in the
next subsection.

2.3. Acceleration in programming: from ‘block-based’ to ‘text-based’
environments

Educational acceleration, content or grade-based, has been
claimed to be advantageous for high abilities students, because
it helps to increase academic achievement of those students who
were accelerated [55,56] and it saves time and frees up other re-
sources [57]. The selection of students with the potential to receive
an educational acceleration is generally based on the application
of a battery of several cognitive tests in which individuals must
obtain a score above the 95th percentile to be recruited [58,59].
Since there is still a lack of CT assessment tools that can already
establish this cut-off points accurately, it is necessary to proceed in
the opposite way: we must find a well-grounded criterion of what

acceleration means in the context of CS education and CT high-
abilities; and then check out if our CT assessment tool (i.e., specifi-
cally, our Computational Thinking Test), can be validated regarding
that predictive criterion.

When we investigate how content-based acceleration is spec-
ified in the field of CS education for middle school ages, we find
evidence that a faster and effective transition from ‘block-based’
to ‘text-based’ programming environments might be at the core
of it (e.g., see curriculum standards from UK [60], Australia [61],
USA [62], or the Region of Madrid in Spain [63]). Hence, the analysis
of different national curricula and standards shows that, even if
programming with visual environments is accepted and promoted
in early years, the use of text-based programming languages, as
the ones used by professional software developers, is the final
educational goal in most countries at the end of K-12 level.

Different investigations show that ‘block-based’ programming
languages (e.g., Blockly, Scratch, Snap) are viewed as easier than
‘text-based’ ones (e.g., JavaScript, Python, C++) by students due to
“the ease of the drag-and-drop composition, the lack of needing
to memorize commands, and fact that in the tools we used, blocks
were closer to natural language than text-based programs, making
them easier to read” [51]. Nonetheless, learners also highlight
some issues of the ‘block-based’ languages, such as lack of “expres-
sive power, and challenges in authoring larger, more sophisticated
programs” [52]. Equivalently, Howland and Good identified prob-
lems that regular middle school students face when dealing with
‘text-based’ programming languages, such as intimidation, frustra-
tion and need for substantial help from experts [64,65]. Therefore,
and according to Kolling et al., the transition from visual to ‘text-
based’ languages “presents a significant hurdle which may not be
easy to overcome, for learners and teachers alike” [53], and it seems
to be a key signal to detect computationally talented students
in middle school. In any case, it is assumed by relevant authors
that moving faster from ‘block-based’ to ‘text-based’ programming
languages might be a fundamental content-based acceleration in
middle school CS Education [54].

Summarizing our research approach, we have assumed that
computer programming is the main demonstration of CT ability,
and we have also found evidence in literature showing that accel-
erating from ‘block-based’ to ‘text-based’ programming languages
can be a well-grounded criterion to categorize students as ‘com-
putationally talented’ in middle school. Therefore, our research
question RQ3 will be investigated in these terms along Section 4.4.

3. Method
3.1. Participants

Our initial sample is composed by n = 314 students who
belong to eleven different Spanish middle schools. Table 2 shows
the distribution of the sample regarding gender, school year' and
age. All the students of this sample were enrolled in the elective
subject of ‘Informatics’, and they were all recruited in the context
of a broader evaluation, through a quasi-experimental design, of
the “Intro to CS Course”? of Code.org. More specifically, these 314
students correspond to the experimental groups of the aforemen-
tioned evaluation.

Thus, the sample is entirely composed by individuals who were
initially interested in CS, and the gender bias in favor of males that
can be observed in Table 2 is due to the higher number of boys who
selected ‘Informatics’ as an elective subject for the academic year.
The recruitment process followed IRB ethical guidelines in educa-
tional research (i.e., the participants were informed about the ob-
jectives and contents of the study, both students and parents gave
their informed consent to participate in the investigation, and all
the data collection and processing was subsequently anonymized).

1 Following the UK Education System.
2 Available at https://studio.code.org/s/20-hour.
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Table 2
Distribution of the sample (n = 314) by gender, school year and age.
Gender Total
Boys Girls
Count 142 79 221
8 12-13y/0 o ofTotal  452%  252%  704%
Year Age
Count 71 22 93
9 13-14y/0 o ofToral  226%  7.0%  29.6%
Count 213 101 314

Total

% of Total 67.8% 32.2% 100.0%

3.2. Instruments

3.2.1. Computational Thinking Test (CTt)

Overall, the Computational Thinking Test®> (CTt) has been de-
signed according to the guidelines for validating CS knowledge
assessments with application to middle school from Buffum et al.
[16]. These guidelines are aligned with the international standards
for psychological and educational testing [66]. The CTt is inspired
by the general definition of Aho [18], which was already quoted
in the introduction section. More specifically, the CTt is based
on the following operational definition: “CT involves the ability
to formulate and solve problems by relying on the fundamental
concepts of computing, and using the inherent logic of program-
ming languages: basic sequences, loops, iteration, conditionals,
functions and variables” [17,21].

In another vein, the CTt is a multiple-choice test of 28 items
of length, which are administered in a maximum time of 45 min.
Each item of the CTt is presented either in a ‘maze’ or in a ‘canvas’
interface (see Figs. 1-3), and is designed according to the following
three dimensions:

e Computational concept(s) addressed: each item addresses
one or more of the following seven computational con-
cepts, ordered in increasing difficulty: Basic directions
and sequences; Loops—repeat times; Loops—repeat until;
If—simple conditional; If/else—complex conditional; While
conditional; Simple functions. These ‘computational con-
cepts’ are progressively nested along the test, and are
aligned with the CSTA Computer Science Standards for the
Years 8 and 9 [62].

o Style of response alternatives: in each item, responses are
presented in any of these two styles: ‘visual arrows’ or
‘visual blocks’.

e Required cognitive task: depending on which cognitive
task is required for solving the item: ‘sequencing’ ~ stating
in an orderly manner a set of commands, ‘completion’ of an
incomplete set of commands, or ‘debugging’ an incorrect set
of commands.

Examples of CTt items translated into English are shown in
Figs. 1-3; with their specifications detailed below.

Within the current panorama of CT assessment tools, the CTt
can be categorized as a summative-aptitudinal instrument. Other
types that have been identified in K-12 education [67] are: CT
formative-iterative tools, such as Dr. Scratch* [68] or the Compu-
tational Thinking Patterns CTP-Graph [69]; CT skill-transfer tools,
such as the Bebras Tasks [70] or the CTP-Quiz [71]; CT learning
analytics tools, such as the data-driven one from Grover [72]; CT
perceptions-attitudes scales, such as the Computational Thinking
Scales [73]; and CT vocabulary assessments [74]. The convergent
validity of the CTt with respect to Dr. Scratch (r = .53) and the
Bebras Tasks (r = .52) has been already reported to the scientific
community [67].

3a sample copy of the test is available at https://goo.gl/xHfr5V.
4 http://www.drscratch.org/.

3.2.2. Academic performance

In Spanish middle schools, the academic performance of the
students is expressed through a grading system that ranges from
0 to 10 in each of the subjects. The academic grades that we
collected were gathered and submitted directly by the teachers,
not self-reported by the students (i.e., we avoided the probable
bias that entails self-reported data). Specifically, we required the
teachers to submit the grades of the students in three subjects:
Informatics, Mathematics, and Language. From these three inputs,
we calculated the grade-point average (GPA).

3.2.3. Learning analytics of Code.org and Khan Academy

The courses of Code.org, such as the “Intro to CS Course”, are
mainly composed by a learning path of programming puzzles
(i.e., close-ended coding problems). The platform provides virtual
classrooms that track the progression of the students. This learning
analytics system allowed us to download two achievement indica-
tors for each participating student: ‘Completed Levels’ and ‘Lines
of Code’.

Furthermore, as it will be detailed in Section 4.5, during the
case study over two ‘computationally talented’ students within the
“Intro to JS: Drawing & Animation” course of Khan Academy, we
collected the following learning analytics that can be considered as
achievement indicators: ‘Total minutes’ (i.e., total of minutes spent
by the student in the course, which is split in ‘Video minutes’ ~
spent on viewing tutorials, and ‘Skill minutes’ ~ spent on coding
tasks); ‘Badges earned’; and ‘Points earned’.

3.3. Procedure

At the beginning of the quarter (T;), we administered the CTt
to our initial sample (n = 314) in pre-test condition (i.e., any of
the subjects had prior formal programming experience). Then all
students, within the subject of Informatics, enrolled in the “Intro
to CS Course” of Code.org during 12 weeks. At the end of the
quarter (T;), we conducted the CTt again in post-test condition®
and we collected the academic grades of the students for the
ending trimester. It was only possible to retrieve the academic
performance of 138 students (43.95% of the total sample), because
not all the parents authorized the use of such information for our
study (as mandated by the IRB ethical guidelines in educational
research). In addition, we could download the learning analytics
of Code.org for 289 students (92.04%).

Moreover, from the eleven middle schools involved in our
research, nine of them ~ 269 students conducted the Code.org
course following a ‘teacher-paced’ methodology (i.e., all students
progressing along the learning path at the same pace, which was
fixed by the teacher), and the other two schools ~ 45 students
did it through a ‘self-paced’ methodology (i.e., each student had
the possibility to progress at his/her own pace) (Table 3). In the
latter context, ‘computational top thinkers’ could emerge as these
students moved along the Code.org course much faster than their
regular peers did, and requested the teacher to accelerate to a ‘text-
based’ programming environment. Specifically, seven from the 45
students (15.6%), all males, were cataloged as ‘computationally
talented’ subjects following this criterion, which will be used to
determinate the predictive validity of the CTt in Section 4.4. Finally,
it was possible to study in detail two of the seven ‘computationally
talented’ students within the “Intro to JS: Drawing & Animation”
course of Khan Academy (Section 4.5). Overall, IRB ethical guide-
lines were followed throughout the entire research procedure.

5 Available at https://www.khanacademy.org/computing/computer-programmi
ng/programming.
6 This pre-post evaluation with the CTt is out of the scope of this paper.
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The instructions should take ‘Pac-Man’ to the ghost by the path marked out. In
which step of the instructions is there a mistake? Step A

epeat until
the...

()

Fig. 1. CTt, item #11 (‘maze’): loops ‘repeat until + repeat times’ (nested); ‘visual arrows’; ‘debugging’.

Which instructions take 'Pac-Man' to the ghost by the path
marked out?

repeat until repeat until

— | O ahead V] do [ if path EIZERD

do | move forward do [ move forward
= v

else \;ttjm else E;rn right O v
— — —

\
|
|
|
1

)

repeat until repeat until

do [if [E10) to the right O v do if\path to the left O v
R rioht O v do _ta'm

| I | = | e else [ move forward else | move forward
| g S~

Fig. 2. CTt, item #18 (‘maze’): loops ‘repeat until’ + if/else conditional (nested); ‘visual blocks’; ‘sequencing’.

The following set of instructions is called ‘my fumetion’, and draws one triangle
of 50 pixels each side:

" Function | Option A Option B

;

repeat [E) times
do | move (EITEEED by || EQ | pixels
| tum (B by (D degrees
=

The instructions below should make the artist draw the following design. Each side
of each triangle measures 50 pixels. What is missing in the instructions?

repeat fFF] times
do | my function

jump (EEECED by | B9 | pixels
| -

Option C Option D

Fig. 3. CTt, item #26 (‘canvas’): loops ‘repeat times’ + simple functions (nested); ‘visual blocks’; ‘completing’.
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Table 3
Distribution of the initial sample (n = 314) by pace (self-paced vs. teacher-paced), school, and gender.
Pace Gender Total
Boys Girls
School name [ES Maria Blasco (A) 12 5 17
IES Andreu Sempere Count 17 11 28
Self-paced
29 16 45
Total
% of Total 64.4% 35.6% 100.0%
[ES Penyagolosa 23 6 29
IES L’Almadrava 16 6 22
IES Camp de Morvedre 44 13 57
[ES Juan de Garay 7 10 17
School name IES Dr. Lluis Simarro Count 9 6 15
Teacher-paced IES Maria Blasco (B) 30 13 43
[ES L’Eliana 27 8 35
Escola La Masia 15 13 28
IES El Pla 13 10 23
Total 184 85 269
% of Total 68.4% 31.6% 100.0%
Table 4 Table 5
Descriptive statistics of the CTt score (T;) for the entire sample (n = 314). Non-parametric correlations (Spearman’s r) between CTt (T;) and academic perfor-
Mean 16.39 mance (T5).
Std. Error of 244 Academic performance (T,)
mean Informatics ~ Mathematics  Language  GPA
Median 16.00 . 3 a .
Mode 16 (T1) CTt 432 355 421 A72
Std. Deviation 4.332 Informatics .596° 4947 .796°
Variance 18.762 (T) Mathematics .629° .891¢
Skewness .162 Language 829°
Kurtosis —.292 n = 138.
Minimum 6 4p<.01.
Maximum 27
10 11.00
20 13.00 assumption was also not strictly met by the academic performance
;g }z'gg variables (.12<Zys<.16; p <.01 in all variables), non-parametric
20 15.00 correlations (Spearman'’s r) are calculated.
50 16.00 As it can be seen (Table 5; Fig. 4), the correlation between the
60 17.00 CTt and the grade-point average (GPA) (r = .47) is statistically
Percentiles ;g }g-gg significant, positive and moderately intense; and its value is in
30 20,00 the expected range (r>.40) of other well-established cognitive
90 22.00 correlates of academic performance, as described in Section 2.1.
95 24.00 These results lead us to affirm the overall predictive validity of the
97 25.55 CTt regarding academic performance.
gg s ;g'gg Moreover, when we focus on the correlations of the CTt with

4. Results and discussion
4.1. Descriptive statistics

Table 4 shows the main descriptive statistics of the CTt score,
which may range from 0 to 28, relative to the administration of the
test at the beginning of the quarter (T;) to the entire sample (n =
314). Asitcan be seen, the CTt score presents a large variability that
enables to build accurate and discriminant percentiles all along
the range of the variable (e.g., if we focus on the right tail of the
distribution, different CTt scores are established for percentiles 90,
95, 97, 99 and 99.5). Although mean, median and mode have very
similar values, and skewness is close to zero, the normality of the
CTt score distribution is rejected (Zx_s=.075; p<.01).

4.2. Predictive validity of the CTt regarding academic performance
Concerning the predictive validity of the CTt, conducted in Ty,

with respect to academic performance, collected in T,, the cor-
relation values shown in Table 5 are obtained. As the normality

the academic performance in each of the subjects, we find that
the higher value corresponds to Informatics (r = .43), which is
consistent with the fact that the Code.org course was followed
within that subject along the quarter. However, the correlation
value CTt (T;) * Mathematics (T ) (r =.36) is the lowest of the three
subjects, and it seems to be lower than expected according to the
literature. This result may have two explanations: on the one hand,
12 weeks elapse between both measurements so the correlation
is more than likely reduced. On the other hand, the fact that
the aforementioned correlation value is even lower than the one
regarding Language (r = .42) is consistent with prior results found
in [17], where the CTt correlated in a statistically significant way
with verbal ability (r = .27; p<.01), but it did not with numerical
ability (r =-.16; p>.05). In other words, some evidence is gathered
that supports the statement that the syntactic-linguistic structural
aspects might be more important than the numerical ones for
thinking computationally, as suggested before in [64].

4.3. Predictive validity of the CTt regarding coding achievement
Regarding the predictive validity of the CTt, conducted in Ty,

with respect to coding achievement in the Code.org course, re-
trieved in T, the correlation values shown in Table 6 are obtained.
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Table 6
Non-parametric correlations (Spearman’s r) between CTt (T;) and coding achieve-
ment (Ty).

Coding achievement through learning
analytics in Code.org (T,)

Completed levels Lines of code

(T1) CTt 4447 .357¢
(T) Completed levels .836%
n = 289.
2p<.01.
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Fig. 4. Scatterplot between CTt (T;) and grade-point average (GPA) (T3).

Non-parametric correlations (Spearman’s r) are calculated again,
since coding achievement variables did not reach normality either
(.09<Z.s<.12; p <.01 in both variables).

As it can be seen (Table 6; Fig. 5), the correlation between the
CTt and the number of completed levels in Code.org (r = .44) is
statistically significant, positive and moderately intense; and its
value is also in the same expected range (r >.40) than before. These
results lead us to affirm the overall predictive validity of the CTt
regarding coding achievement.

Furthermore, ‘completed levels’ seems to be a more confident
indicator of coding achievement than ‘lines of code’, since the
same puzzle (& level) can be solved using a diverse number of
lines of code, often inefficiently (i.e., high computational ability
does not correlate necessarily with more lines of code written by
the subject, see Fig. 6). This fact is expressed in the non-perfect
correlation between both indicators (r = .84).

4.4. Predictive validity of the CTt to early detect ‘computationally
talented’ students

As previously justified, the criterion used for categorizing the
students as ‘computationally talented’ is to have accelerated from
the ‘block-based’ environment of Code.org to the ‘text-based’ one
in Khan Academy. This criterion was only applied in the classrooms
with a ‘self-paced’ approach during the quarter (n = 45) so that the
seven ‘computationally talented’ students, all males, could spon-
taneously emerge (i.e., indeed, in the ‘teacher-paced’ classrooms
none of the students could progress to Khan Academy).

Thus, we wonder if the CTt conducted in T; condition could
already detect significant differences between the subjects later
categorized as ‘computationally talented’ (=~ computational top

7 Available at https://studio.code.org/s/20-hour/stage/2/puzzle/9.
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Fig. 5. Scatterplot between CTt (T;) and coding achievement in terms of completed
levels in Code.org (T5).
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thinkers) and the ‘regular learners’ (& computational regular
thinkers, i.e., those who did not accelerate). This question is ad-
dressed through the analysis shown in Table 7.

As it can be seen, the CTt could already detect in pre-test
condition (T;) a statistically significant difference (t =-2.300;
p=.026<.05; or the equivalent non-parametric test Uytann—whitney =
66.500; p=.035<.05), with a large effect size associated (d =
.95) [75], between the subjects who were categorized or not as
‘computationally talented’ several weeks later. Hence, the predic-
tive validity of the CTt to early distinguish between computational
top vs. regular thinkers, as these categories have been defined, is
demonstrated.

Another way to prove the predictive power of the CTt to early
distinguish between the two types of subjects is to calculate the
corresponding receiver operating characteristic (ROC) curve [76],
which depicts the false positive rate (i.e., also called ‘specificity’)
and the true positive rate (i.e., also called ‘sensitivity’) of a di-
chotomous variable (i.e., yes ~ ‘computationally talented’ vs. no ~
‘regular learner’) along the range of a continuous variable (i.e., the
CTt Score at Ty). Results are shown in Tables 8-9 and Fig. 7.

As it can be seen, the area under the ROC curve is A = .750.
This result is statistically significant (p=.037 <.05) and can be inter-
preted as an indicator of ‘good’ predictive power [76]. Furthermore,
we have detected the three cut-off points along the range of the CTt
score with highest predictive power (17.5, 18.5, and 24.5). Focusing
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Table 7
t-test for independent samples (‘regular learners’ vs. ‘computationally talented’) and effect size (d).
n Mean  Std. Deviation  Student'st  p-valueyy  Cohen’sd
‘Regular learners’ 38 17.45 4.360 _ 3
CTe(Th) ‘Computationally talented’ 7 2157 4353 2.300 026 95
2p<.05.

Table 8
Area under the ROC Curve regarding the predictive power of the CTt (T;) to early
detect ‘computationally talented’ students.

Test Result Variable: CTt Score (T;)

Asymptotic 95% confidence

a H ig b
Area Std. Error Asymptotic Sig. interval
Lower bound Upper bound
750 .092 .037 .569 931
2 Under the nonparametric assumption.
b Null hypothesis: true area = .50.
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Fig. 7. ROC Curve regarding predictive power of the CTt (T;) to early detect
‘computationally talented’ students.

on the latter, from the n = 45 students involved in this predictive
study, six of them scored >24.5 in the CTt (T;), whose gender is
distributed as follows:

e Three boys, all of them ‘true positives’ (i.e., later categorized

as ‘computationally talented’). Therefore,
‘sensitivity’(cre=24.5)=3/7=.429 (42.9% of ‘true positives’ de-
tected).

e Three girls, all of them ‘false positives’ (i.e., later categorized
as ‘regular learners’). Therefore, ‘specificity’(cri>24.5)=3/38
=.079 (7.9% of ‘false positives’ detected).

In other (critical) words, we find girls who, even having a high-
computational ability, did not request for a coding acceleration
(i.e., they were not subsequently categorized as ‘computationally
talented’ students). This implies that our criterion for categorizing
‘computationally talented’ students might be gender biased (i.e., it
might be only ‘male sensitive’), being at the risk of hiding female
talent in computing. In addition, these results are consistent with
a large body of literature that describes: the female resistance,

especially in middle school ages, to acceleration due to gender
stereotypes and low self-efficacy perceptions [77]; the lower en-
gagement of girls to acceleration programs [78]; or the less posi-
tive peer relations reported by girls after accelerating, specifically
when skipping a grade [79]. Hence, it seems that computational
talent should be described in additional terms so that the female
perspective is included, as it will be suggested in Section 6.

4.5. Case study over two ‘computationally talented’ subjects

At last, we could study in detail two of the seven boys catego-
rized as ‘computationally talented’ within the “Intro to JS: Drawing
& Animation” course of Khan Academy. Both talented students
were part of the same classroom of Year 8 (12-13 y/o). First, in
Table 10, all the aptitudinal and performance results of the two
subjects are shown: CTt score (T;); RP30 problem-solving test [80]
Score (T;), which was conducted particularly in this classroom as
part of the criterion validity of the CTt (further details of the RP30
test, as well as an example of one of its items, can be found at [ 17]);
and academic performance (T,) in Informatics, Mathematics and
Language.

As it can be seen, both cases scored extremely high in the
CTt (T,), above the optimal cut-off point just found in previous
subsection (>24.5; i.e., they were ‘true positives’). However, their
scores in the RP30 problem-solving test were just moderate. This
latter result is unexpected, since the RP30 test was the one most
correlated with the CTt (r = .67) during its criterion validation,
already reported in [17]. In other words, although the RP30 test
and the CTt are convergent measures, this convergence tends to
decrease in the right tail of the CTt score distribution. Hence, these
findings suggest that ‘computationally talented’ subjects might
need specific tests to be detected, such as the CTt, given that a usual
problem-solving test seems to be insensitive to them.

Furthermore, Table 11 shows the accumulated learning ana-
lytics of the subjects after following the “Intro to JS: Drawing &
Animation” course of Khan Academy. As it can be seen, although
both cases are considered ‘computationally talented’, each of them
has a different interaction style with the on-line platform: Case 1
seems to be more active (more time spent on coding tasks), while
Case 2 seems to be more reflexive (more time spent on viewing
video tutorials).

Finally, one of the programming projects coded by Case 1 is
depicted in Fig. 8. When the code is analyzed, it can be stated
that the subject could write a Processing JavaScript program that
involves: three variables included in a complex function, which
is executed inside an infinite loop. These computational concepts
written in a ‘text-based’ programming language are aligned with
the curricular standards at the end of Year 10 in the Spanish
curriculum [63]. In other words, our subject accelerated around 1-
2 years in curricular terms.

5. Limitations and threats to validity

Three types of limitations can be noted for our work. Firstly,
we recognize some limitations regarding the sampling procedures
along the research. In this vein, the initial sample (n = 314) was
composed by individuals who had previously selected ‘Informatics’
as an elective subject for the academic year, and due to this cir-
cumstance the sample was, at least, gender biased. Moreover, part
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Table 9

55

Coordinates of the ROC curve and cut-off points with highest predictive power.

Corresponding percentile [Test Result Variable: CTt Score (7))
in the entire sample Positive if Greater Than or Equal To Sensitivity Specificity
7.00 1.000 1.000
9.00 1.000 974
11.00 1.000 947
13.00 1.000 .842
14.50 1.000 763
15.50 1.000 .658
16.50 .857 553
70 17.50 857 474
75 18.50 714 .368
19.50 571 316
20.50 429 263
22.50 429 132
95 24.50 429 079
25.50 286 .053
26.50 .143 .000
28.00 .000 .000
Table 10
Aptitudinal and academic performance results of the two ‘computationally talented’ subjects.
Aptitudinal tests (T7) Academic performance (T5)
CTt RP30 Informatics Mathematics Language
Score Percentile Score Percentile
Case 1 27 99.5 42 61 10 9 7
Case 2 26 99 36 44 10 9 8
of this initial sample was lost from T to T, (especially with regard Table 11

to academic performance variable), which supposes a threat to the
validity of our concatenated results.

Secondly, we find other limitations regarding the instruments
and indicators used in our research. Thus, the CTt has itself some
limitations such as being heavily focused on computational ‘con-
cepts’, ignoring computational ‘practices’ and ‘perspectives’, in
terms of Brennan and Resnick [81]. Moreover, the CTt relies on a
narrow CT definition that is closely tied to algorithmic thinking.
This decision was already justified along the introduction, since
algorithmic thinking seems to be a central part of CT, and especially
prone to be measured. Nevertheless, the CTt might be ignoring
other key parts of the construct, which constitutes a potential
limitation of our study. Then, other CT assessment instruments,
and other academic subjects or coding achievement indicators,
could have been chosen, so other predictive validity values could
have resulted to answer RQ; and RQs.

Lastly, some limitations can be pointed out regarding how the
criterion to define ‘computationally talented’ students was stated.
This criterion has a ‘self-selection’ bias (i.e., to be categorized as
‘computationally talented’ depends in first instance on whether
the student decides to explicitly request the acceleration), so the
aforementioned criterion might be indicating not only high com-
putational ability but also high computational motivation and/or
high computational self-efficacy, which constitutes a threat to
its internal validity. The implications of this ‘self-selection’ bias
with respect to gender have been already discussed in Section 4.4.
Consequently, other criteria could have been stated to define ‘com-
putationally talented’ students, so other predictive validity values
(and another gender distribution of computational talent) could
have been obtained to answer RQs.

6. Conclusions, implications and further research

Based on the previous results and discussions, some conclusions
can be stated:

e There are large individual differences in computational abil-
ity (i.e., in CT aptitude) among middle school students, even
before they start to learn coding.

Learning analytics of the two ‘computationally talented’ subjects studied in Khan

Academy.
Video minutes  Skill minutes Badges earned  Points earned
Case1  169.45 795.01 16 95,222
Case2 39341 155.81 13 78,005
e The CTt has predictive validity with respect to the grade-

point average (GPA) in Informatics, Mathematics and Lan-
guage. This empirical evidence supports the statement that
CT is a ‘new’ cognitive correlate of academic performance.
The CTt has predictive validity with respect to the number
of completed levels in Code.org. This empirical evidence
supports the statement that CT is a ‘new’ cognitive corre-
late of programming achievement, at least in ‘block-based’
environments.

The CTt has predictive validity to early distinguish between
‘computational top thinkers’ (i.e., ‘computationally talented’
students) and ‘computational regular thinkers’, when the
criterion followed for stating these categories is to acceler-
ate or not from ‘block-based’ to ‘text-based’ programming
languages within a ‘self-paced’ learning methodology in the
classroom.

The prior criterion is potentially gender biased as middle
school girls may not feel like accelerating even if they have
the potential ability for it.

‘Computationally talented’ students might need specific
tests to be detected, such as the CTt, given that usual
problem-solving tests seem to be insensitive to them.
Different individuals cataloged as ‘computationally tal-
ented’ can have different styles when they learn ‘text-based’
programming languages through on-line platforms, such as
Khan Academy.

‘Computationally talented’ students detected in middle
school might have the ability to accelerate around 1 or
2 years in terms of curricular standards.

Then, we consider several implications that derivate from the
conclusions above. Firstly, given the predictive validity of the CTt
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1 var xPos = 200;

2 var yPos = 200;

3 var e=10;

4~ draw = function() {

5 background(29, 4@, 115);
6 £i11(255, 242, @);

7 ellipse(xPos, yPos, e, e);
8 e+=1;

9
10 };
11
12

Fig. 8. Programming project coded by Case 1, available at https://www.khanacademy.org/computer-programming/spin-off-of-project-shooting-star/6674640557309952.

regarding academic performance and programming achievement,
itis possible and valuable to administer the test at the beginning of
middle school level to early detect students that might probably:
(a) be at risk of school failure; (b) have further ‘learning to code’
difficulties. Then, it would be possible to design preventive edu-
cational actions for them. Secondly, given the predictive validity
of the CTt regarding the detection of ‘computationally talented’
students, it is also valuable to administer the test when starting
middle school to early detect students with high-computational
ability, who probably will learn faster and could be beneficiated
of being accelerated through the computing-coding curriculum.
Thus, their extraordinary potential would be reached, and their
talent would not be lost.

However, given the gender bias of the criterion followed for
stating computational talent, additional approaches should be
included to recognize and promote the top female computa-
tional thinkers, and to consequently encourage their interest in
advancing to ‘text-based’ programming languages. These female
approaches should go beyond the mere acceleration in ‘self-paced’
on-line learning contexts, and some of them have been already
suggested in the literature specifically for middle school girls, such
as the use of: ‘pair programming’ methodology [82,83]; tangible
interfaces for learning programming [84]; embodied pedagogical
strategies [85]; story-telling contexts for developing CT [64]; or
conversational chat-bots [86,87].

Moreover, this paper contributes to the validation process of the
CTt, already started in [17,21-23] and, ultimately, to reinforce the
solidity of CT as a psychological construct. In summary, this work
provides a validated assessment tool such as the CTt, which will
permit to measure, make visible, and attend the natural individual
differences in computational ability. Consequently, each and every
of the students will be in better conditions to reach as far as
their aptitude and motivation allow them. Further investigations
should lead the CT research community to deepen in the definition,
detection and intervention not only of high-computational abilities
(i.e., the right tail), but also of low-computational abilities. All
of them must be considered in order to ensure an inclusive CS
education.
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