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What is Computational Thinking (CT)?

In 1963, computer scientist Alan Perlis observed that computer programming
required exercising special classes of logical and creative thought processes. Pérlis
saw value in developing these thinking abilities early in life and recommended
that computer programmmg become part of everyone’s education (Grover & Pea,
2013; Perlis, 1963) Two decades later, mathematician, computer scientist and
educational innovator Seymour Papert briefly mentioned the term “Computa-
tional Thinking” (CT) in his foundational book Mindstorms: Children, Computers,
and Powerful Ideas (Papert, 1980). Later in his career, Papert became convinced
that the acquisition of CT skills empowered children and adults to process and
create knowledge of their world (Papert, 1996).

In the early 2000s, Jeanette Wing popularized the term CT in an article in
which she defined it as solving problems, designing systems, and understanding
behavior by drawing upon the concepts of Computer Science (Wing, 2006).
Wing viewed CT as a vital and universal skill set that should be acquired by
‘everyone (Wing, 2008). According to Wing, CT was not only of value in com-
puter science but provided opportunities to succeed in the arts, humanities, and
everyday life (Wing, 2008). Hemmendinger, (2010) stated that the goal of CT
education should not be to have everyone thinking like a computer scientist but
to facilitate real-world problem solving. Past studies have shown that children as
young as 4 years old can begin to acquire CT skills (Bers, 2018; Bers, 2008; Leidl,
Bers, & Mihm, 2017; Sullivan, Bers, & Mihm, 2017). '

There is a paucity of information about the development of CT abilities in
young children. The term is still evolving and there is currently no agreed upon
age or stage of development at which children should be introduced to CT.



86 Emily Relkin and Marina Umaschi Bers

Mioduser and Levy (2010) further studied the effect of acquiring programming
skills on the explanations that children give when they observe the behavior of
robots. They found that as children gained experience in programming robots,
they applied different descriptions to the robotic behaviors they observed. When
the robot’s behaviors were simple, the children with less experience in program-
ming tended to ascribe human or animal-like motivations to the robot while
those who were more experienced gave more mechanistic explanations. When
children observed more complex programs, they typically give a combination of
both types of explanations.. In this study, construction tasks were designed to
increase in complexity as the child learned. In addition, the researchers did not
help the child beyond prompting, such as, “Why do you think that happened?”
The researchers recorded the amount of prompting the children required
(Mioduser & Levy, 2010). - v

‘Using children’s explanations of robotic behaviors as a measure of CT has some
assets but also limitations. The K-12 Computer Science Framework suggests that
assessments. of programming should involve not only the students’ ability to write
a program but also their ability to explain the significance of it (K-12 Computer
Science Framework Steering Comumittee, 2016). Braitenberg (1984) argued that

it is more difficult to understand a robot’s behavior through observing a program

than it is to understand the behavior by creating 2 program. Young children’s
expressive language skills may also limit the nature of the explanations they pro-
vide for the behaviors they observe. Mioduser and colleagues critiqued their study
by stating, “While deepening how we understand young children’s evolving
knowledge of autonomous attificial behaviors, it is limited in its small sample and
disconnect from classroom situations” (Mioduser et al., 2009, p. 19). They also
observed that combining the task of robot construction and explanations in the
same subjects introduced a potential confound and recommended that future
studies examine these separately.

Design Considerations for a CT Assessment Tool

Based on the work in this area carred out by past investigators, various con-
siderations for the design of a valuable CT assessment tool for young children can
be identified:

1. Age appropriateness: In order to optimally impact the acquisition of CT
abilities, interventions need to target preschool and early elementary school
levels. At this age, children are in the process of developing representational
and abstract thinking and have sufficient linguistic skills to perform basic
programing. An assessment tool for this age group must use age-appropriate
language and tasks to assure that abilities and factors such as manual dexterity
and attention span and the use of jargon (Sattler, Dumon, & Coalson 2016)
are not the limiting factors in measurements.
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Authentic interaction: To place young children at ease and avoid stress
that can be associated with formal standardized testing, a CT assessment
tool should be structured as authentically as possible, ideally capturing
the dynamics of play and familiar teacher-child, parent-child, and/or peer
to peer interactions. Authentic assessment should be something that is
worthwhile for the child (Dewey, 1938). Shaffer and Resnick (1999)
describe authenticity in assessment as relevant to the learmng process.
They also argue that ‘computers and technologies can lead to new types
of authentic assessment and learning if used correctly. The assessment
should net be intrusive or disruptive and should include context specific
prompts (Ming, Ming, & Bumbacher, 2014).

Ease of administration: Past researchers studied children’s CT over long
periods of time requiring three or more hours of time per child (Mioduser &
Levy, 2010; Mioduser et al., 2009; Werner et al., 2014). Many educational
assessments currently are too lengthy and/or complex for teachers to give
effectively. Teachers continue to feel unprepared to conduct high-level
assessments and many have a low assessment literacy despite educational
efforts (DeLuca & Bellara, 2013). The National Research Council indicates
that it is difficult to assess CT and recommends that teachers must be
extremely skilled in coding through professional development in order to
propetly assess children (National Research Council, 2010). Ideally, teachers
who are not particularly skilled at coding and assessments should be able to

“administer CT assessments.

Time constraints: The duration of testing sessions should be kept rela-
tively short in light of the limited attention spans of children in' this age
group and the limitations on time available to teachers for individualized
assessments (Moyer & Gilmer, 1953). To be of practical value for preschool
and early elementary school use, the instrument should require no longer
than 15-30 minutes for a single assessment.

Sensitivity: Following the “low floor, high ceiling” model (Papert, 1980),
an ideal assessment tool should be equally useful for assessing novices as well
as experts (Sattler, 2014).

Scoring: To create an assessment tool that does not require an expert to
administer or score, the ratings system employed should use simple outcome
categories and/or numeric scores that are straightforward to calculate
{Koretz, McCaffrey, Klein, Bell, & Stecher, 1992).

Communication of results: While numeric scores are suitable for rating

the level of CT proficiency, descriptive names (e.g., “Early Pro-
grammer”) based on the score may better convey the meaning. It is
important to present results in a fashion that is easy for people unfamiliar
with CS concepts but can still give quality technical data (Sattler,
Dumont, & Coalson, 2016).
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Development of a Pilot CT Assessment Tool for Young Children

To address the above criteria, we set out to create a pilot CT assessment tool that
permits standardization and increased sensitivity, by presenting children with
specific structured scenarios rather than simply observing free play with the robot.
Structured scenarios permit assessments to be carried out in children who have
only rudiméntary understanding of the robot’s operation and limited manual
dexterity. To capture the full range of CT abilities, the scenarios are presented in
gradually increasing complexity, from simplest to most complex. The assessment
includes a combination of questions and simple coding tasks designed to create a
balance between the need for well-developed language skills and non-verbal
communication. Scoring and categorizations are sufficiently flexible so that miss-
ing one question or failing to complete one task does not disqualify the child

from achieving a rating. appropriate to their skill level.

We based our assessment on the “Seven Powerful Ideas” of CS that according
to Bers (2018) inform curriculum that can promote CT in early childhood and
that are developmentally appropriate. These are further described in Table 5.1.

TABLE 5.1 Seven Powerful Ideas of Computer Science (Based on Bers, 2018)

Powegﬁd Idea Definition Example
Algorithms Sequencing/ order, logmal Child understands that KIBO
organization blocks must be scanned in a
specific order
Modularity Breaking up larger task into Child uses repeat blocks in order
smaller parts, instructions to accomplish a goal rather than
scanning a large number of blocks
Control Structures  Reecognizing patterns and "Child recognizes that he or she

repetition, cause and effect

must use a beginning and an end
when making a program and are
able to use If Blocks and Repeat
Blocks ’

Representation Symbolic representation, models  Child sees the difference
between the blue motion blocks
and the orange sound blocks

Hardware/ Smart objects are not magical, = Child describes what the

Software objects are human engineered  function of KIBOs electronics
do. Child understands that one
must give the robot a program in
order for it to work

Design Process Problem solving, perseverance,  Child has the capability to plan

editing/ revision and test an idea in order to
Improve a project
Debugging Identifying: problems, problem  Child identifies a bug in either

solving, perseverance

hardware or software and is able
to fix the problem
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Past researchers empirically identified stages in the development of program-
ming skills and related those to acquisition of CT skills (Jenkins, 2002; Rogalski
& Samurgay, 1990). For this purpose, we chose the Developmental Model of
Programming proposed by Vizner (2017). One advantage that this model
offered for our prototype assessment was it was developed using the KIBO
robot platform based on observation of children 4-7 years old with various
levels of skill and exposure to the platform. This model consists of four stages of
programing and provides some parameters for assessing children’s coding

proficiency.

The four levels of proficiency specified in Vizner's Developmental Model of
Programming are as follows:

1. Proto-Programmer: Child has little to no understanding of what a pro-
gram is; child does not create his or her own code and may press the “On”
button repeatedly without first programming the robot.

2. Early Programmer: Child is capable of creating programs with the Begin
and End blocks. The child may try to use as many blocks as possible and
may scan blocks that are not part of a meaningful program sequence.

3. Programmer: Can use 3~6 instructions without using complex blocks such
as Repeat. This child may debug a program using trial and error but needs
assistance from others when creating programs that are complex.

4. Fluent Programmer: Solves 6+ instructional tasks and uses advanced
debugging techniques.

A Prototype Early Childhood CT Assessment: TACTIC-KIBO

Our pilot CT assessment tool called TACTIC-KIBO (Tufts Assessment of Com-
putational Thinking in Children—KIBO robot version) is specific to the KIBO
robotics platform which was designed to teach coding to children ages 4-7. The
KIBO robotics platform was chosen because it is time-tested and developmentally
appropriate. However, it is our hope that this approach may be applicable to many
other programming and robotic technologies. The KIBO robotic platform is used
widely in 54 countries throughout the world as a means of teaching CT' and
coding skills to young children. KIBO was developed under a grant from the
National Science Foundation (NSF Grant No. DRIL-1118897) as a devel-
opmentally appropriate tool for teaching the basics of computer programing to
neurotypical children aged 47 (Sullivan, Elkin, & Bers, 2015).

To use the KIBO robot, children must align and scan barcodes on program-
ming blocks representing steps in a program that guides the robot’s actions (See
Figure 5.1a). The child then presses a green flashing button to make the robot
perform the program. Every program must have a “Begin” and “End” block.
Other examples of programming blocks are “Spin,” “Sing,” “Tum Right,” and
“Shake.” By virtue of resembling building blocks, programming blocks are in a
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FIGURE 5.1A Photograph of Full KIBO Robotics Kit

format that is familiar to young children and arguably more manageable than
computer screens that have only two dimensions.

The KIBO robotics kit is an exemplary educational robotics platform designed

‘with 2 “low floor and high ceiling” (Papert & Harel, 1991) The programs that
KIBO performs can be as simple as a three-block program and as complex as a
program featuring conditional blocks, repeat blocks and nested statements. The
more complex blocks (repeats and ifs) require “parameter” stickers which include
“if near” “repeat until dark.” (See Figure 5.1b) KIBO was designed to make
young children producers of technology, not consumers. Children can have fun
‘and express themselves as they make personally meaningful projects with KIBO.

The KIBO robot also has four openings on its upper surface for sensors that can
detect light, sound, and proximity, as well as modules that can flash a light or
record/play sounds. In addition, KIBO contains attachable art and building plat-
forms compatible with LEGO bricks that allows children to use various materials to
decorate their robot. There is also an attachable expression module that allows
children to attach drawing using a dry erase board and marker extensions so that
they can draw as KIBO moves, and a free throw extension to aid children in
Ieammg concepts of physics and math. This robot has been shown to help children
learn technologmal literacy as well as other curriculum such as math, science, art,
and language (Bers, 2018; Sullivan et al., 2015; Sullivan et al., 2017).

KIBO robot was selected as the initial robotics platform for CT assessment in
children for several reasons. It is a time-tested, award-winning robotics platform

designed for preschool to elementary school age children. It has an existing user
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FIGURE 5.1B KIBO Robot Sensors

base that spans multiple continents and languages, making it available to a large
number of children and teachers. Its use of tangible programming blocks is not
only advantageous for children but can help to create a more user-friendly
environment for teachers or other evaluators to interact with the children they
are assessing. KIBO uses programming principles that are analogous to those used
in other robotic platforms for young children as well as platforms developed for
older children and adults. It is hoped this will facilitate creation of versions of the
assessment instrument that are applicable to other coding platforms in the future.

Bers’ Seven Powerful Ideas were adapted as the domains for our prototype CT
assessment tool and combined with Vizner’s Developmental Model of Program-
ming, which were adapted for use as a hierarchical scoring system. The design
foundations of the TACTIC assessment tool are summarized in Figure 5.2.

The TACTIC assessment tool involves pre-programmed KIBO robot activities
of escalating complexity which serve as the framework for asking questions and
posing tasks for the child to complete. Figure 5.3 shows the block sequences and
commands for all levels. ‘

The examiner programs the KIBO in front of the child using the specified
program and add-ons. This assessment can be done on a tablet or computer for
automatic scoring or by paper for manual scoririg. The examiner takes the child
through the series of questions and tasks for each level. The test continues until
the children reach a level that they get three or more questions or tasks incorrect,
or until all four levels bave been completed.

To help characterize TACTIC-KIBO in terms of its age appropnateness and face

validity, a pilot study was carried out with participants from the Boston area. Fifteen
kindergarten and early elementary school children between the ages of 5 and 7 with
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FIGURE 5.2 The Design Foundations of the TACTIC-KIBO CT Assessment Tool
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FIGURE 5.3 The Set of Robotic Activities Used in the Pilot TACTIC-KIBO CT
Assessment

past exposure to the KIBO robot were recruited and consented using an Insti.tutional
Review Board approved protocol. The children were videotaped during the
TACTIC-KIBO assessment and again as they engaged in structured interactive play
sessions (IPS) with the KIBO. This IPS sessions allowed an independent assessment of
CT skills to be assessed by expert raters. ‘

The IPS was created as a means of measuring the validity of TACTIC-KIBO based
on its correlation to expert assessments. The IPS had three parts, the first being a con-
frontational naming game used to test the child’s knowledge of KIBO hardware.
Then, a free-play construction session in which the child was encouraged to program a
project of their own choice. Finally, the IPS included a construction challenge in
which the child was asked to augment a program using higher level skills. The chal-
lenge was designed to bring the children to their ZPDs as described by Vygotsky. .

A simple curriculum was created to guide the IP§ with the goal of collecting
sufficient information to permit an assessment of CT ability based on review of
the IPS by independent expert raters. A scoring sheet for the IPS was developed
to help standardize scoring by the outside raters. Experts rated 25% of the stu-

" dents using the same four-level classification system used for the CT assessment
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tool but based exclusively on the behaviors observed during the IPSs. The expert
ratings of the IPS and the ratings based on the CT assessment tool were used to establish
the inter-rater reliability. Demographic data (date of birth, gender, hours of experience
with KIBO, experience with other robotics platforms, experience with programmable
robots) were collected from the parent/legal guardian after the consent was signed.

Pilot Study Outcomes

The primary outcome measure of the TACTIC-KIBO pilot study was the correla-
tion between the TACTIC-KIBO ratings and IPS ratings by the primary examiner.
Fourteen out of 15 children completed TACTIC-KIBO as well as IPS. Among the
children who completed both assessments, there was a highly significant correlation
between the total TACTIC scores and the expert rating of the IPS (r= 0.895,

© p< 0.001). Discrepant ratings occurred exclusively among four children rated

as Level 4 Fluent Programmers by TACTIC who were judged to be Level 3

" by IPS. The average administration time for TACTIC-KIBO was 16 minutes

compared to 19 minutes for the IPS. The IPS, however, required an addi-
tional 15-30 minutes for scoring, while TACTIC-KIBO was scored as it was
administered. ‘

Using pre-specified criteria for administration and scoring, TACTIC-KIBO iden-
tified four levels of CT abilities ranging from novice to fluent in kindergarten and first-
grade children. TACTIC-KIBO scores correlated significantly with expert assessments
based on observation of KIBO IPSs (See Figure 5.4). According to past research and
recommendations, administration time and ease of scoring were suitable for use in
classroom and research settings (Moyer & Gilmer, 1953; Ruff & Lawson, 1990). These
results suggest that TACTIC-KIBO is a promising means of assessing CT abilities in
young children. Limitations to this study include the sample size, biases in subject
selection, biases in test administration and ratings, context, and issues relating to the
lack of availability of a true gold standard for measuring CT in young children.

Number of Students by Level in TACTIC-KIBO vs. IPS

W TACTICKIBO
W ps

#of participants

Level

FIGURE 5.4 Comparison between TACTIC-KIBO Level Scores and Expert Rating
Scores from KIBO Interactive Play Sessions
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We observed that TACTIC-KIBO was engaging and enjoyable for the
majority of children tested. This included students who were not yet fully literate,
and for whom English was a second language. TACTIC-KIBO duration proved
suitable for 5-7-year old children despite the relatively short attention spans of
children in this age group.

A caveat in the interpretation of the data on mean number of correct responses
per level is that the method of administration used in this pilot allowed. children
to advance to the next level of questions only if they successfully responded in
three or more categories on the preceding level. The assumption in the analysis of
correct responses is that children would not be able to respond correctly on
higher levels if they did not meet the three-correct response criterion on the
lowest levels. It is possible that this approach underestimated the total number of
correct responses children may have provided in a given category.

Future Directions

TACTIC-KIBO requires further testing and validation before it can be recom-
mended for use in schools and research studies. This should include testing a broader
range of ages (4-7 years), experienced and inexperienced robot programmers, all
genders, and children of different socioeconomic backgrounds and nationalities.

In the next phase of development, we anticipate testing will include adminis-
tration by elementary school teachers. This will require the creation of a training
program for educators and a certification process to assure that they meet acceptable
standards of inter-rater reliability. A training curriculum along with annotated
videos of TACTIC-KIBO being administered can be used for these purposes. A
software application to help in the administration and scoring of TACTIC-KIBO
has been developed. This will allow for easier administration by employing auto-
mated prompts, feedback, and permitting remote data collection.

In its current form, TACTIC-KIBO requires a child be taken out of class to be
tested individually. Although individual assessments out of the classroom "are
currently a common practice in preschool and elementary. school classrooms, it
may be more beneficial and less disruptive to adapt this study design so that it
could be given to an entire class at one time. A version of TACTIC suitable for
in-classroom is currently under development.

In a recent pilot study, TACTIC-KIBO was applied to assessing CT in young
children longitudinally .before and after a KIBO robotics coding enrichment
program. Results indicate that after the program, most children increased in their
level by at least a level. In the future, repeated administrations could help to
establish the reproducibility of the CT assessment. If repeated administration
results in stable scores, TACTIC-KIBO may prove useful for longitudinal assess-
ment. However, if repeated administration is associated with a learning effect that
causes scores to drift between testing session, it may be necessary to create alter-
native forms with equivalent questions.

Designing an Assessment for Young Children 95

TACTIC-KIBO was designed around the KIBO robotic platform. However
there are many other robotic toys and programming games existing and unde;
dev'elop-ment for young children as well as adolescents, The question of the gen-
erallzabl.lity of methods used to assess CT in this study may be best addresseg b
devel9p1ng alternative forms of TACTIC that are applicable to other plzn:formsy
creaung alternative forms for other platforms would be useful in developin intui'
tions about lines of questioning that are more or less universal across platfomi )

To dat.e research has focused on CT assessments for young children wh.o are
neur.otyplcal. It is important to understand typical development of CT abilities to
obta?n normative data on CT assessment. Once sufficient normative data are
'obtalnled, it is important to extend the application to a more diverse population
1n<.:lud1ng c.hildren' with Autism Spectrum Disorder (ASD). There is evidfnce tha;
children with severe ASD are engaged by the KIBO robot and that they ma
bf?come more communicative with their teachers as a consequence of pla iny
with and programming the robot (Albo-Canals et al., 2018). In light of thj}; %
would be interesting to study the acquisition of CT abilities in such children a’nti
compar.e their development with that of neurotypical children. '

Our 1n_15131 experience with TACTIC-KIBO leads us to conclude that assessment
9f CT abilities in young children is a viable and promising area of future research. It
1s critical to continue to develop appropriate CT instruments for use in classro<;m
and research settings in order to move CT educational initiatives forward. Through
assessment, researchers can understand the_. development and acqujsiti(;n of CgT
abilities, szhich in turn help in the creation of better technology platforms for
young children. By bringing validated assessment tools to the classroom, - earl
childhood educators can be empowered to implement developmentally appr(’)pn'atz

CS curricula that help children to learn to cod .
e and
lifelong benefits. nd reason in ways that can have
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ENGAGING YOUNG CHILDREN IN
ENGINEERING DESIGN

Encouraging Them to Think, Create, Try and 1
Again

Pamela S. Lottero-Perdue

Molly was focused. She was thinking and her hands were moving, pla
wooden and foam building blocks deliberately on the table in front of her. W
her hands stopped moving, she seemed satisfied, looked at me, and said: “The
Molly had just finished her first try at an engineering design challenge to cre:
fence to contain Henrietta, a Hexbug Nano® robot about the size of a tor
brush head. Earlier, Molly and her kindergarten classmates giggled when they
Henrietta vibrate and watched the robot move haphazardly on the classroc
linoleum floor. After explaining to me why she made the fence the way that
did, Molly was eager to test it out. We tumed Henrietta on, lowered her in
the fence, and within about 10 seconds, Henrietta escaped. Molly caught F
retta as the little robot left the fenced-in area. “What happened?” I as
prompting Molly to analyze what happened. Her analysis was excellent
rooted in her earlier understanding of science concepts. I then asked: “So do
have any ideas about how you can make your fence a little better for Henriet
Molly-the-kindergarten-engineer shared her ideas—which were baséd on'fi
where the fence had failed the first time—and without hesitation begar
reconstruct the fence.

Molly (a pseudonym) was one of 53 kindergartners who participated
research study about their engagement in an engineering design challenge -
opportunities to integrate scientific and mathematical knowledge as they engine
(see Lottero-Perdue, Sandifer, & Grabia, 2017 for the science and enginee
lesson). As the sole data collector on the project and co-teacher for the science
engineering instruction that went along with it, I was able to get an in-depth loc
individual children’s thinking as they engineered. Normally, my- observation
young children, a term I will use in this chapter for children in grades
kindergarten through grade two (PreK-2), doing engineering have been of stud



