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Abstract

Studying computer science (CS) in elementary schools has gained become populain recent years.
However, tudents at such youngageencountedifficulties when first engaging with CS. Robotics

has been proposed as a medium for teaching CS toyoung studentsbecause it reifies concepts in a
tangible object, and because of the excitement of working with robots. We asked: What CS concepts

can elementary-school studenttearn from the participation in a robotics-based CS course? We used

two theoretical frameworks to explain possible difficulties in learning: the Jourdain effect, and
constructs vs. plané taxonomy of six levels was created to characterize levels of learning. The levels
were measured using four questionnaires that were based on the taxonomy. In addition, field
observations of the lessons were recorded. The population consisted of 118gadengidents(ages

7-8). Lessons oS concepts using Thymio educationarobot and its graphical software development
environmentwere taught during normal school hours, not in a voluntary extracurricular activity. The
syllabus wasbased on existing learning materials that were addpteithe young age of the students.
The analysis showed that the studentswere very engagedwith the robotics activities. They did learn
basicCS conceptsalthough they found it difficult to create and run their own progranvge concluded
thatthe Jourdain effeavas not demonstrated becatise students understood concepts and constructs

of CS; however, they were unable to plan and construct their own programs from the basic constructs.
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1 Intr oduction

1.1. Research goals and research framework

Studying computer science (CS)dlementaryschools hagained become popular in recent years. The
goalof teaching CS at a young age is primarily to increase self-efficacy and motivation when engaging
with science and technology. Howevetudentsat such ayoung age face difficulties when first
engagingwith CS. One approach to overcome these difficulties is to use robotics activities, because
they reify abstract CS concepts in a tangible object and because of the excitement of working with
robots. The goal of our researchis to distinguish between the performance of a task and the
understanding of the concepts.

The phases of the research were:

1) The development of an age-appropriate syllabus partially based on existing learning materials for
the educational robot.

* Preliminary results of this research were presented at the International Conference on Robotics in
Education, April 2017, Sofia, Bulgaria.



2) A quantitative and qualitative assessment to determine if the use of a robot-based syllabus enables
young students to understand CS concepts.

3) The development of taxonomy appropriate for specifying the levels of understanding of young
students who learn CS.

Section 1 presents a review of existing literature. The methodology,including the new taxonomy, is
described in Section 2. The findings are presented in Section 3, discussed in Section 4 and summarized
in Section 5.

1.2. Review of existing literature

The literature review is divided into five sections: (a) learning CS concepts by elementary school
students, (b) learning CS by robotics, {edrning CS with robotics in elementary school, (d) the
Jourdain effect(e) near transfer.

1.2.1. Learning CS concepts by elementary school students

Papert was among the first to propose teaching programming to young childréRapert 1980). He
coined the term constructionism for learning by constructing artifacts such as computer programs.
Research has showthat CS studies had some positive effects on cognitive development, thinking
skills, problem-solving strategies, creativity, intrinsic motivation, or even social development
specifically at young ages(Liao & Bright, 1991; Clements, 2002; Clements & Sarama, 2003). Duncan
and Bell (2015) explored and analyzed CS curricula for elementary schools; they found that some
countrieshavealready incorporateformal studies as part of the curriculum, while others are limited to
informd classes and clubsSeiter and Foreman (2013) explored the development of computational
thinking by elementary school studentssing Scratch. They found thabasicproficiency of algorithmic
thinking started in second gradeClementsand Sarama (1997) studied learning with LOGO and
concluded thait can provide an evocative context for young children’s explorations of mathematical
ideas and CS concepts.

Duncan et al. (2014) raised the question: Should eight-yeas-old students learn to code? They proposed
three parameters to establish effective learning: (1) the teachers must be confident and motivated; (2)
the learning objectives should be realistic for the age of the students; (3) the developmergnvironment
should be age-appropriate. They found thathe age at which prograning should be taughtepends on
many factors among them the software tools and learning aids, the context and the teachers' training.
Armoni and Gal-Ezer (2014)and Duncan et al. (2014) claimed that the advantages of learning CS at
such a young age include the capability: to learn quickly, to shape attitudes to programming, to support
learning outside of just programming, and to prepare students for future endeavors in computing. The
disadvantages of engaging with CS at a young age include the possibility that students will be less
confident in theirabilities regarding CS or will receive a negative impression of the subject.
Furthermore, the studentsay study fewer hours incore subjectssuchas matematics science and
language skills (Duncan & Bell, 2015) The limited time availableand thelack of resources could
cause problesiin the allocation oéchoolresourcegDuncan et al., 2014).

1.2.2. Learning CS via robotics

Since the 1980s, both curricular courses and outreach programs on robotics have been déveloped.
pioneering successfutool for teaching CS with robotics was the environmeKtarel the Rbot (Pattis

1981). Anderson et al. (2011)claimed that robatic activitiesarevery exciting forthe students anthat

they reify the abstract behavior of algorithms and prograRubotics provides hands-on experience

with real-world problems andtan also reduce thdevel of intimidation that studentscan encounter.
BenBassatlLevy andBen-Ari (2015) showedthatrobotic activities can influence both the motivation

and the selefficacy of young studentsThey found that robotics encourages positive intentions to

choose STEM (science, technology, engineering, mathematics) subjects in high school. Markham and

King (2010) investigated attitudes and motivation among CS1 students, they foundthat students who

studied with robots had more positive experiences than those who studied without robots. Kaloti-Hallak



et al. (2015) investigated youpm students who participated in the FIRST® LEGO® League
competitions. Their researchshowed that studentsdemonstrated meaningful learning in computer
science and engineeringnd that most of the studentsdemonstrated higlpositive attitudes and
motivation for learning roboticsKay (2011) showedthat CS learning by high-school and
undergraduate students really improvewhen robots are used.

1.2.3. Learning CS with robotics in elementary school

Barker and Ansorge(2007) taught 9—11 year-old students and found that the LEGO Mindstorms®
robotics kit was effective for teachingSTEM concepts.Magnenatet al. (2014) ran a workshop for
students aged 89 using the Thymio educational robot. They found that while students successfully
usedtrial and error when writinggrograms that controlled the robot, they only understood a subset of
the CS concepts thappeared in their programs. Both these projects involved extracurricular activities.

Several research projects addressed learning with robotics by young childmgimez et al. (2015)
taught robotics tetudentsof a variety of age groups from 3 to. They showed thathe olderstudents

were capable of understanding and applying CS concepts such as loops, parameters, conditions and
sequencing, while preschool students understood fewer conc8ptBvan and Bers (2016)
implemented a robotics curriculum in preschool through second gfdss. found that younger
children were able to master basic concepts of robotics and programming, while older children were
able to master more complex concefigers et al. (2014engagd 4-6 yearold children in robotics
activities in order to guide ageappropriate curriculum developmentyeth (2008)showed that
children can learn simple programming concepts related to input and,@rtguhe impat of logic on
program behaviorCommon to all these research projects is the use of robots specifically designed for
young children,in particular, Bers' group usddngible programming (programming using physical
blocks), which can no longer be used for older students.

1.2.4. The Jourdain effect

Guy Brousseau proposed the theory of didactic situationss a framework for investigating learning, in
particular, mathematics (Brousseau, 1997). We were influenced by his discussion of the Jourdain
effect the conflation of the performanceof a task with understanding the underlying concepts. Here is
an example from the New Math curriculum:

[A] model of this group can be constructed using some transformations of the position of a
cup of yogurt ... As children were playing with the cups of yogurt, they were performing such
transformations ... from this, the ‘structurally minded’ observers were concluding that the
children ‘have constructed’ the group of Klein. But what the children were actually doing had
nothing to do with the identification of the group structure in their manipulations. ... [T]hey
would not have been able to identify the part of their activity called ‘construction of the group
of Klein’ ... and they would not be able to produce ..., further examples of their activity, now
sanctified by a scientific term (Sierpinska, 2003, no page numbers).

1.2.5. Near transfer

It is frequently claimed that learning certain subjects results in transfer of knowledge: a general
improvement of cognitive and problem solving abilities. Such claims hesently been made for
computational thinking (see the analysis by Tedre and Denning (2016)). Such claims have been
repeatedly debunked (Guzdial, 2015) and we make no such claims for learning CS with robotics.
However, a classic investigation Bick andHolyoak (1980)showed that learning in one domain can

aid in solving analogousproblems in a different domain; this is callegar transfer While our

research is not a comprehensive study of near transfer, we did investigate whether the students were
ableto transfer their knowledge of robotics commands hyothetical command somewhat different

from the actual commands.



2 Methodology
2.1. Rationaldor the research
There were three aspects to the rationale for this research:

1) The robotics activities were taught in the non-voluntary, non-selective environment of a normal
classroom during school hours with just one teacher and one assistant. In previous work (Ber et al,
2014), several research assistants were able to help individual groups of students. Finally, a general
purpose educational robot was used, not one specifically developed for the project.

2) We developed a questionnaire based on a taxonomy of learning in order to attempt to distinguish
performance from understanding (the Jourdain effect).

3) We wanted to demarcate what this specific age group was able to learn from concepts that were
too difficult for them.

2.2.Research question

What CS concepts catementary schodtudents understand froparticipation in aroboticsbased CS
course?

2.3.Population

The research wasarriedout in four secondgradeclassroom®f a public school (ages-8 years) All

the students in these classes participated during normal school hours, so we had no control over the
actual ages, genders or abilities of the studdritere were 118 studenf& boys and 46 girlsThe first

author taught the lessomsded by a reseeln assistant from our department. The class teachers were
present,but we did not have time to train them in robotics and CS so whezg not involved in
teaching. Kwever, they remained in the classroomsmarily to dealwith behavioral problems that
occasionally arose.

2.4. The robot and its software environment

The Thymio educational robofigure 1)is small, seHcontained and very robust with differential
drive, nine infrared proximity sensors, five tousénsitivebuttons, a aixis accelerometer, dozens of
LEDs, a speaker and a microphomeygs://www.thymio.org/en:thymio).

Figure 1.Thymio robot

The robot is programmed using the Visual Programming Language (¥®ljonment (Figure 2)
(Shinet al, 2014) Programs are constructed by diagd-drop of graphical blocks. VPL suppoxse
programming construct: eveattion pairs. Event handling is a core CS concept, which has been
proposed as the basis of teaching introductory programming (Bruce et al., RO@@yition to the
basic blocks shown in Figure 2, there is asivancedmode that supports additionablocks and
advanced versi@of basicblocks.

Figure 2 The VPL environmentThe events arerothe left, the actions are dime right and the central
area is used for constructing programs
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2.5. The robotics class

The course was taught foone hour a week for 21 weeksduring normal school hourZhirty students
sharedten robots Each lesson began with a sherdeo thatintroduced a concepfhen the students
received a worksheet.

The syllabus wabased orexistinglearning materialéor the Thymio (Ben-Ari, 2011 Magnenat et al.,

2012, by selecting age-appropriate activities from this material. The first tasks were based on the
predefined behaviors of the robot and wémeended to familiarize the students with the events
generated by the proximity sensors and the buttons, and with the actions of changing the colors of the
LEDs. Then the students were introduced he ¥PL graphical programming environment. Many of

their taskswere to implemenBraitenberg creaturegBraitenberg, 1984 which were deeloped during

the Programmabl8rick project(Hogg et al., 2000)hat was the inspiration for LEGO Mindstas’ .

Later, the students explored combinatiors of several actions per eveahd blocks from the VPL's
advanced mode: timer events and actions, accelerometer events and music actions

In addition to the concepts explicitly expressed in the Thyrolwot and VPL, the following CS
concepts that appeared only implicitly were taught:

1) Concurrent execution of event-action pairs: for example, in the line-following program, the
program simultaneously checks if the robot is leaving the left edge or the right edge of the line.

2) Parameters: setting the color of the LEDs and the power applied to each motor.

3) Writing an algorithm and implementing it in a program.

Table 1 presents the topics and activities that took place in each lesson.

Table 1.Thecontent ofthelessons

Lesson Content

1 Pre-programmed behaviors.

2 Pre-programmed behaviors in groups.
3 The VPL user interface.

Events (buttons, sensors) and actions (top and bottoms colored LEDs).
First experience programming.
4 The VPL user interface.

Programming five exercises.




First questionnaire (four questions).

The motor action.

Programming the Braitenberg creatures.

7 First questionnaire (two questions).
Second questionnaire (two questions).
Checking the exercises from the previous class.

Multiple actions for one event.

8 Second questionnaire (two questions).

Braitenberg creatures with multiple actions per event.

9 Checking the Braitenberg creatures exercises.
10 The clap and tap sound events and the sound action.
11 Second questionnaire (two additional questions).

Bottom sensors.

12 Programming with the bottom sensors.

13 Programming with the bottom sensors.

14 Programming with the bottom sensors (summary).
15 Third questionnaire (two questions).

The advanced mode.

16 Accelerometers.

17 Fourth questionnaire (four questions).

Timer blocks.

18 Fourth questionnaire (two questions).

Exercises with the timer blocks.

19 Exercises with the timer blocks.
20 Group projects.
21 Group projects.

2.6. Thetaxonomy

Our method for investigating performance vs. understanding was based on a taxonomy of levels of
learning.We developed a new taxonomy appropriate for the context of learning CS concepts.

2.6.1. Justification for developing a new taxonomy

There are severalxisting taxonomiesof levels of learning: SOLO (Biggs &Collis, 1982), Bloom

(Bloom et al., 1956), ister et al. (2004) and th€S-specific taxonomy of Fuller et al. (2007)
MeerbaumSalantet al. (2013)combired the Bloom and SOLQaxonomiesproducinga new scale

with threecategoriesynistructural, raltistructural andelational)eachcontaining three subategories
(underganding, applying, andreating. Magnenat et al. (2014) based their worklearning with the

Thymio roboton the combined taxonomy. They investigated two age groupsarl 1015 years old.

They checked the levels of understanding using questionnaires. While most of the students of the older
group achieved the level of unistructural understanding, the yagegroup found it hard to answer

the questions because of their limited ability to read. The difficulties they encountered led us to develop
a new taxonomy.



2.6.2. The new taxonomy

A student demonstrating the follow behaviors will be considered to have achieved a cesponding
level of learning In ascending order they are:

1) Predicting the behavior of a given program.

2) Choosing the program that gives rise to a given output of an algorithm.

3) Characterizing the difference in the behavior of two similar programs.

4) Completing a partial program in order to achieve a given output.

5) Using a modified programming construct to complete a program with a given goal.
6) Creating a program from scratch when the goal of the program is given.

The different types ofbehaviorscan beclassified into two categorig3able 2) based on Fuller et al.
(2007):

1) Interpreting: to give or provide the meaning of; explain.
2) Producing: to bring into existence by intellectual or creative ability.

The interpreting category includes onbghaviorsfor which the code is given, as oppose to the
producing category whodgehaviorsrequire code completiomhis enabled us to distinguidletween
studentswho can only readand understangrogramsbut cannotnecessarilywrite or completeone on
their own.

Table2. Theclassificationinto two categories
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2.6.3. Secondary classification: The interpreting category
The ordering of théhree behaviori the interpreting category can be justified as follows.

Lister et al.(2004) claimed thathe ability to predict the behavior of a given program while tracking
and following its instructionss the lowest cognitive level required €S student.The seond type of



question differs from the first type in thatthe studentsre requiredo chose the rightorogram from
severalslight different program Lister et al.(2004)claimed thatstudents showed less succesthis
type of questions then in questigmedicting the behavior of a program.

Differentiatingbetween two prograrmis similar tocomparing butit adds the requirement to predict the
purpose of the program®ifferentiating also requiresanalytical skills to identify similarities and
differenceswhich is a higher cognitiverocess than just predicting, according to the revigiedmOs
taxonomy (Anderson et al. 2001). Therefore, thihdéanost challenging behavior in this category.

2.6.4. Secondary classification: The producing category

In this category, the student is askeaddonpletea program. Even if the questions areltiple-choice,
this category requires the student to analyze the purpose of the progranchodsgthe most suitable
completion.The studentmustunderstand the functionality of the missing padtsl then to understand
how each possible completion wéiffect the program

The secondbehaviorand the question refer tg the students are presented witbdified block whose
functionality isexplained Theyneed to complete a givesegmenbf code correctly using thimodified
block The cognitivestages are very similar to the fitsthaviorin this category, but, in additipthe
student needs to show proficiency in the material he has already learned in order to understand the
purpose of the modifications. We consider this process to be near transfer of knowledge and this type
of behavior is harder than the first one.

The most challenging type difehaviorin this categoryasks the students to createprogram from
scratch whenhte goal of the program is givenhis requires the student to use all of the knowledge he
hasgained so faand to create a new artificd&oth the Bloom(Bloom et al., 1956) and SOLO (Biggs,

& Collis, 1982) taxonomies rate this cognitive skill as the most challenging one.

2.6.5. Constructing questions according to the taxonomy

Magnenatel al. (2014) found that elementary school students had difficulty understanding long
passages of text; this led them to use graphics and video clips in their questionnaires. We followed their
lead in constructing our questionnaires. Graphics is partiaplropriate in this context since the VPL
programming environment uses graphical elements only with no Hexe is a description of the
format of the questions associated with each level of the taxonomy:

1) Predicting the behavior of a given program: The students received a code segment and four photos
of the robot and they had to choose the photo that demonstrated the behavior of the robot caused
by the code segment.

2) Choosing the program that gives rise to a given output of an algorithm: The students received a
short video and had to choose the code segment that gives rise to this behavior.

3) Characterizing differences in the behavior of two similar programs: The students watched two
short videos displaying behaviors of the robot and they had to choose among four descriptions the
one that describes the difference between the behaviors.

4) Completing a partial program in order to achieve a given output: The students were given a short
segment of code and a goal that the program needs to achieve. The students had to complete the
missing parts of the code in order for the program to achieve the goal.

5) Using a modified segment of code to complete a program with a given goal: The students were
given a modified block whose meaning was explained in the question and they had to complete the
code segment in order to implement the behavior demonstrated in a short video or explained in
words.

6) Creating a program from scratch when the goal of the program is given: The students were given
several event-action blocks and they had to choose and arrange the blocks needed in order to
achieve a given goal.

2.7. Conjectures
We proposedhree conjectureso explain why some students might achieve only lower levads



learning, together with criteria to accept reject the conjectures:

1) They really don’t understand The simplest possibility is that young students don’t understand
most of the CS concepts that they are exposed to, and that the success reported in previous
research has been misinterpreted. This conjecture will be supported if we find that less than 50% of
the students succeed in answering questions even for the lowest levels of learning.

2) Jourdain effect The students will demonstrate the Jourdain effect if they successful answer the
predicting and choosing types of questions, partial succeed in the answering difference questions,
and are unable to answer any of the questions from the second category.

3) Constructs vs. plans Soloway and Spohrer (1986) suggest that there is a gap between the ability
of novice programmers to understand individual constructs and their ability to plan and implement
a functioning program. This conjecture will be supported if students are only able to answer
questions from the interpreting category and the first question of the producing category. Students
demonstrating the ability to implement plans will be able to answer questions from all the
categories.

2.8. Research Instrumest

Four questionnaire®f six multiplechoice questions eachwere administrated during the regular
lessons They looked like the usual worksheets and the students willingly participated in solving the
problems.After the first experience with the class assignments, it was detid¢dhe maximum
number of questions that these young students could deal with in one lesson is four, so the
questionnaires were split over two or more lessons. The questionnaires can be found at
https://goo.gl/peKBpp

The topics asked about in the questionnaires are as follows:
1) The first questionnaire

Program 1 Program 2

o H o H

Program 3 Program 4

a o H

CS concepts: simple eveattion pairs.

New events and actions blocks: sensors, buttons, top and bottom colors.
2) The second questionnaire

CS concepts: advancegentaction pairs.

New events and actions blocks: motors.
3) The third questionnaire




CS concepts: multiple actions in one event-action pairs.

New events and actions blocks: tap and clap detection.
4) The fourth questionnaire

CS concepts: line following, conaent execution.

New events and actions blocks: ground proximity sensors.
After each lessorthe first authorecordecherobservationsnd solicited impressions frothe research
assistant and the class teacher.
In order tofully investigatethe ability of students to plan and implement a program, during the final lebsyns
were askedo comeup with their own ideador writing a program The programs and observations of the
programming process were recorded.

After the final lessonthe first authormetwith the teachers tdiscusstheir impressions of the students' ability
learn CS and robotics.

2.8.2 Example questions from the questionnaires
Question 2 from questionnaire 2

Watch the video:https://youtu.be/okoLamAY9acWhich of the following programs causes the
behavior of the robot that is shown in the video?

Question 2 from questionnaire 3

Look at the video:https://lyoutu.be/Vhc33fxR3coWhich of the following programs causes the
behavior shown in the video?

Questions from questionnaire 1

We invented a new evenThe center button is touched and at the same timebpact is detected by the center
front sensorHere is the block for the new event:

oL

Use the new event to construct a program that does the following:

1) Detecting an object only by the front center sensor causes the top light to display blue.

2) Touching onlythe center button causes the top light to display yellow.

3) Touching the center button and at the same time detecting an object by the front center sensor
causes the top light to display green.

Choose the correct program:

Program 1 Program 2
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Question Srom questionnaire 4

We want a program that causes Thymio to follow the edge between a white area and a black area:

Here is a description of the program:

1) If Thymio detects white under the right bottom sensor and it detects black under the left bottom
sensor, thefhymio moves forwards.

2) If Thymio detects white under both bottom sensors, then Thymio turns left.

3) If Thymio detects black under both bottom sensors, then Thymio turns right

Choose the correct program:

2.9. Data Analysis

The findings from the observations will letegratedwith a description of the syllabus, in order to
show how the students reacted to each individual tdpie. analysis was influenced by Glaserd
Strausg1967)and was done as follows:

1) Collate the observations of the four classes with the same lesson plan.

2) Identify the important events, and the similarities and differences among the four classes.
3) Unify similar events and important concepts.

4) Link the different categories in order to understand the students' capabilities.

Thediscussion of the focus group with tteaches was recorded antlanscribed Theanalysisof this
focus groupwvas identicato the analysis of the observatioofsthe students

The project lessanwereanalyzedin order to findthe CS conceptsthat the students usezhd to
discoverthelevel ofunderstanthg that the studentschieved

The questionnaires were analyzed quantitatively using Pearsorsgudred testwhich is usedto
determine whether there is a significant difference between the expected frequencies and the observed
frequencies in one or more categories. Since each question was asked in all of the four classes, and
every question had four options, i@und the chisquared test most appropriate for the research needs.
The chisquared test was uséd determine whether there was a significant difference between the
expected frequencies and the observed frequencies in one or more of the four classes. For each
questiomaire, a table is given which indicates the uniformity of the success rates of the four classes.
The first column is the question number and the second column is the success rates.

For every question of the questionnaires, the null hypothesis was tfeathie differences among the

four classes; the alternate hypothesis was that there were no differences in the success rates. Questions
that did not negate the null hypothesis were marked with a gray background, and the success
percentages for those questions will be presented separately for each of the four classes.

When the percentage of the students who answered a question correctly passed 50% were marked with
bold face, wetook that as evidence that the level of the taxonomy corresponding to thabiwessi
achieved by the majority of the students.

In the presentation of the findings, we will emphasize the questions that didnOt negate the expected
frequencies and provide explanations in cases of discrepancy.



2.9.1 Reliability

Since the students haw previous background in CS, there was no reascdminister a pre-test.

Colleagueswere asked to judgenat the curriculumand research methodsvolve well-known CS

conceptsand areageappropriate. To check the reliability of the knowledge questiomes both

colleagues and theachers examigethe questionnaires and expredsheir opinins regarding their
difficulty.

3 Findings
3.1. Initial experience witlthe robot

The first two lessonswith the robot were designedto give the students an easy stad they were
conducted without a computer. Duringetessons the students worked in groupach group had to
perform several activities using the robofs preprogrammed  behaviors
(https://www.thymio.org/en:thymiostartipngn the second lessopthe students performed taskgihe

help of a discovery kithttps://www.thymio.org/en:thymiodiscoverykitotjer

The studentsvere excitedsome girls saidhat the robot was "cutg' while the boysdescribed itas

"cool" and indicated thatAymio is "fun" During the performance dhe tasksthe student$ollowed

the instructionswhile correcting each otheWhen they were givenpen questionghey kept asking
"what to write?" It seemeds ifthey wanted to beoerect at every single question.

During class, the students managed to manipulate the aslabto switch between the robot's pre
programmed modes, but they founchétrd todescribethe differences between thmodes However,
they were ableto describe the different behaviors, asshown bytheir terminology: "it madea sound
whenl put both ofmy hands,"Thymio drove forward irthe direction of the doll'The studentsvere
not able tomemorize the different modebut they knew how to describé¢he modes during the
activities.

3.2.Initial experiencewith programming

During the tlird and fouth lessonghe students started to prograftey were introducedo theVPL
environmentrnd used it todearnhow towrite prograns.

The first worlsheet withVPL included thefollowing events pressing the buttons, detectingjects
with the front and back sensors, and tbikowing adions:turn onthe top and théottomLEDs. The
students were thrilled byéir first experienceavriting programsthey were highy motivated to succeed
and readily proceedeflom one exercise to the nexthd studentgasilyimplementecthe three tasks
with a single evenactionpair inthis lessonAll the students seemed engdgeith the dass activities
and the workheg, asking questions and exploritige capabilitie®f the robot and VPL.

The students frequentlsked"where to put it? with regard to an event or an actimgmetimes the
used the buttons event withomdicatingwhich button so they teneld to askmany questions of the
form "why isn't it working?" or'what am | doing wrong?All the sudents wanted to e ones with
handson the robot or the computer.

During the fourth lesson, the students were introduced to exetheg@scluded more than one event
action pair. Initially, the students had difficulty understanding ttiety should be placed one after
another on the screeAlthough this wasxplained to the students, they fouhdinnatural, and asked
"where to put this event?" or they just started a pesram for each eventactionpair. After sufficient
practice thg felt more confident with the concept of a program containing multiple eaatitn pairs.

3.3. The first questionnaire

Thesuccess rates tifie first questionnairgadministered during lessons 5 afjcare shown in able3.
The first questionnaire investigated whether the students could associate an event with an action.

Table3. First questionnairé of students who gave correct answers for each question



Question Success Rate
1 82
2 87
3 69
4 93
5 74
6 51

For question 1, thelobtained from the chéquared test was 0.0039; this result is greater than the
likelihood ratio chisquared, which is 0.0009, therefore the null hypothesis (that there were differences
among the four classes as explained in section 2.9) cannot be refgeotstion 1 asked about the
behavior of a given program. Although different success rates were obtained for the three classes, the
success rates of all classes were greater than 50% @)able

Table4. The success rates of questionnaire number 1, questiober 1 in the different classes
Class A Class C Class D

Success 100 85 64
Rate

From Table3 we see that the students answered questions at levels 1 to 5 quite easily: (1) they could
understand what a given program does, (2) match a program to an output, (3) characterize the
difference in the behavior of two similar programs, (4) complete a partial program, (5) use a modified
programming construcHowever, for question 6, creating a program from scratch, their success rate

was relatively low, but still reached 50%.

3.4.Progranmingthe Braitenbergcreatures

During the sixth lessotthe students explodethe motor block on their own. They copied programs
given in the worksheet into the VPL environment, ran the programs and explained the behavior of each
program: moing forwards,moving backwards and tumg right and left After undestandingthe

motor block,the studentsvrote programs to implemetite BraitenbergreaturesDuring the activities

with the creatures, it was observed thatheseexercises hekd the studentsBond' with the robotand

gaveit some human qualitie§ he students began to refer to the robot as a liVihigymio didn't do

what | asked him!", "I miss Thymjb"l love Thymio."

3.5. Thesecond questionnaire

Questionnaire 2 (administered during lessons 7, 8 and 11) investigated if the students can associate an
event with an action, but this time they had more blocks at their disposal, which made the programs
more complex. The success rates for the secondiguestre are shown in Tabte

Table5. Second questionnaire, % of students who gave correct answers for each question

Question no. Success Rates
1 52
2 46

3 49




4 76
5 70

6 46

Thefirst two questions of the questionnaingsre givento the students justftertheir initial expeaience
with the new motor block, while the nefdur questions were giveafterthey had muclmore practice
and experience with the robots.

Thehigh success rates fquestions four and five compared with those of questions one and two can be
explained by the additional practice that the studentswhith enabled thenmotanswer questions at

the higher levels. The students encountered difficulties answering question 3: it was hard for them to
identify the difference between a pair videos showing behaviors of the robot. Nevertheless, in three of

the four classes, a majority of the students successfully answered the question. The success rates for
question number 6 were low: the students found it difficult to write a program from scratch given the

desired behavior of the robot.

The heterogeneity between the four classes was more significant in this questionnaire. For questions 3,
5 and 6, the lobtained from the cksquared test were greater than the likelihood ratiesgbared, so
the null hypothesis could not be rejected.

Table6 shows thé lobtained from the ckquared test and the likelihood ratio-shjuared for each of
the questions.

Table 6. ! from the chisquared test and the likelihood ratio-slqjuared for each of the questions in
questionnaire 2

Question The! result obtained The likelihood ratio chisquared
1 0.1089* 0.05

2 0.0890 0.0862

3 0.0133 0.0105

4 0.5188* 0.5061

5 0.0506 0.05

6 0.0312* 0.05

*Because these three questions contained more than one sectibrgbtfaéned is the average of the
differences between the four classes and actually represents the Generalized Linear Model (GLM) test.

It can be seen thaid differences between the ! lobtained and the likelihood ratio ebguaed obtained
are very small, so wenified the success rates of the four classes.

Table 7 shows the success rates of the different classes and where there were differencestletween
! land the likelihood.

Table7. The different success rates of questions 3,5 and 6 in the different classes

Class A Class B Class C Class D
Question 3 63 52 58 22
Question 5 71 93 83 33
Question 6 42 64 58 26

The low success rates for class D can be explained by significant discipline problems that occurred.
3.6. Event handling with multiple actions
During lessons? through9, the studentsvere taughthow to associatenultiple actionswith an event



usingtwo sinple examplesln lesson &he studentpracticed this construct by implementing additional
Braitenbergcreatures The students found the transition frame actionto multiple actionsdifficult.
Frequently,they duplicated the evemind associatedt with the secondaction, asking:'where to put
it?" or "what to do withE?". They tene@d to associate thposition of a button viih the direction of a
movement,for example,they selectedan event of touchinghe front button and thethey were
disappointed that the robot didn't move forward.

During the ninth lessqnthe teachersolved questionsogether withthe studentsThis facilitated
bringing most of the students tauaiform level of understanding anfdirthermore, helped clear upe
difficulty of multiple actionsassociated with one eventhdy readily volunteered to come to the board
to solve questions and wegpeoud wherthey gave corre@nswers

During the tenth lesson, the stude learned aboutp detection, clap detecti@nd the music event
blocks They compose their owntunes and were enthusiastic about theufeabf tapping and the
clapping, whichthis facilitated practicing more advanced event handling

3.7. The third questionnaire

The third questionnairéadministrated in lessons4 and 15)involved questions regarding multiple
actions per eveni.he success rates are shown in T&ble

Table8. Third questionnaire, % of students who gave correct answers for each question

Question no. Success Rates

75
61

68

61

1
2
3
4 34
5
6

48

The success ratesf questionnaire3 were mixed while the studentsvere relatively succedal on
questions 1, 2, 3 and they were less successful gonestions 4 and, Gvhich requiredthe students to
complete a partial program and to create a program from sc€aestion 4 was harsinceit required
them to seelboth aneventand an ation of a pairappropriatefor the behavior that was given.h&
distractors made itifficult because they involvedn incorrect ordering of an action before an event,
incorrect direction of movement and irrelevant blockke fifth question investigated whether the
studentgan perform near transfer of their existkigowledge.

The fifth question investigated whether the students can perform near transfer of their existing
knowledge. The success rates in this question were not uniform for the four classembtdiaed

from the chisquared test was 0.0467, which is greaten tte likelihood ratio chBquared 0.0383;
therefore, the null hypothesis could not be rejected.

The success rates of the four classes on question 5 of questionnaire 3 are presente®inThable
students achieved high success rat&9%%) in three of the four classes.

Table9. The success rates of questionnaire number 3, question number 5 in the different classes

Class A Class B Class C Class D

Success Rates 59 81 59 44

The table shows that class B obtained very good sucatess while the success rate of classes A and D
was much less though still greater than 50%. Class D did not achieve the desired success rate.



3.8. The bottom sensaasd the line following algorithm

During lesson1l, the students explored the bottesensors of the robot. The exploratiactivity
included painting stripes of different colors and experimenting tohsgethe robot reactetb the
different colors The elementary physical principles of light sensitivity were explained. The exploration
actvity promptedsomecreativity on the partof the students, butt would have been preferable to
supply the students with stripes different colors so thatthe studentsould readilyidentify the
differences between the robot behavior to bright codod dark colors. fiey kept asking "Is it dark
enough?or "Is it bright enough?

During lessonl2,the students receiveddatailed explanatioof the bottan sensoraindthe differences
betweerthemand the front ad back sensors. The studewesre a bitconfusedon this issue.Thetask
required them tobuild a white track and a blacktrack and to executdifferent line-following
algorithms. Whilethe students enjoyedonstructing linesusing white and black tapethey were
confusedby the execution of the algorithmshdy kept asking questions regarding the bottom sensors
block such as"Should it be blacR' or "Whatdoesthe red framenear?' The students invested much
effort into building the track instead ofattempting toundersand the meaning of the bottom sensors
event.

Lessonl3 started with aeviewon how thebottomsensors operand how to use thieottom sensors
eventblock in VPL. The students used thiacks they created during the previous lesaod once
againimplementedthe line-following algorithms. Alditionally, the studentexecuteda program in
which the robot had to stop at the edge of the table by sensing the edge with the bottom sensoAgain
the studentshad difficulties executing these algorithmend they needed moreassistanceabout
adjusting thébottom sensors.

During lessonl4 the studerd repeatedhe exercises they solvéml the previous lessonge repetition
was helpfulbecausét summarized théopic and tied up loose ends

The learning difficulties mighhave been avoided if each evantion pair had been written and
executed as a separate program before integrating them into a single concurrent algorithm.

3.9. The fourth questionnaire

The fourth questionnair@dministrated in lessons 17 and 18)kontained questions dhe line following
algorithm and the bottom sensorhesuccess ratese shown in Bblel0.

Table10. Fourth questionnaire, % of students who gave correct answers for each question

Question no. Success Rates

51
48

33

50

1
2
3
4 43
5
6

38

The success rateare significantly lowerthan the success rates bethe other questionnaire¥he
questions asked about advanced concepts: concurrent execution of event action pairs, implementing a
relatively complex algorithm, and using the bottom sensehsch were confusing because of their
similarities and differences with the front and back sensors.

In this questionnairethere were no differences in the success rates on all questiong the four
classes. Therefore, thellhhypothesis is rejected and weuld accept the alternate hypothesis that the
classes were similar.



3.10. The advanced mode lessons

The students were enthusiasiioutlearring and understanding tmew blocks m the advanced mode
andthey were curious regarding the new possibilitied the blockgrovided.

During lessonl6 the stulentsstudied the accelerometevents In order toexplainthe functionality of

the accelerometerghe teacheshowed them a short video that illustrated how the relstable to
maintain its balance on moving ball The initial lesson on the accelerometers took place in their
normal classroom, not in the computer.l&uring the lessonthey learned aboutft/right tilt and
forward/backward tiltand exploredhow to detectiorfalling by usingthe accelerometerdloreover,
they explored how different angles can lblemtified by the accelerometeiide students loved tguess

the number of the angles that tke robot can detecthe robot wagprogrammed to display a different
color forcolor for eachangle andhe studentgrasped théearapidly.

In lessonl7 the students practiced ere&ses with the acceleromete@neproblemwe encounteredas
that inadvancednodethe events arassociatedavith statesa topicthat wasnot taught, and this caused
them to aska lat of questions and to make mistakes. They soltred exercisegjuite easily and
understoodhe functionality of the accelerometers.

During thelessonl8, the student$earned abouthe timer event and the timaction. They foundthe
conceptexciting and learned how to use the timer to cate®e robotto change its colomand the
direction of is motion after a period of time.

During the next tw lessonsthe students practicetith these blocksThey encountered some problems
and were a little confused on how torite prograns that used thdimer event and actiort was
unnatural for them to put thielocks in differenteventactionpairsandthey kept asking where to put
thetimer blocks.

During the last clasthey receivedn exercise that summariztéte entire content of the syllabuhe
exercise was not eadgr the students anthey didn'talways volunteer to come to the board to help
find a solution.

3.11. The teacherdbcus group

The principal and the four teachers of the classes were very receptive to our suggested activities,
because the school had been established only a few yeaisysly and thetaff was open to new
initiatives. The teachers wereooperative andelped us understand the cognitiabilities and the
affectiveaspects of thetudentsThe focus groupwas held after thelasseended, sdhatthe teachers

would have a perspective on tbatirecourse

The first questiowas Whatdo they think abotithe content of theyllabu® The teachers agreed that
the students understood the content of l#esons;they succeeell in their tasksnd were able to
answer thequestionnairesMoreover, theymentioned thiathe subject wasfun and coolfor the
studentsandhelped the students bnd and to perform the tasks.” The teachers believed that the level
of understanding students increased throughoutdheseandthatthey fully cooperated with us. As in
every classthe students showed different levels of understanding, byititlped each other overcome
the obstacles thesncountered

The second question wablow did the students profitrom the coursebeyond learning theCS
concept8 The teachers indicatl that the students cooperated while working in grotips. students
had to know how to shartheir work.The teachers indicated that whifeost of students were
enthusiastic about the clagbere wee some whowere not so excitedJnexpectedlythe teachers
notedthat most of the students who didnOt like the robotics clasbosewnhilethe girls were more
enthusiasti@and curious.

The teachers added that tHasses helped the students beconmee motivated abawCSand robotics.
The opportunity to work byrial and error helped themvercome difficulties andtudy the subject in a
"fun way."



3.12. The project lesson

During the project lessatie students had to come with their own ideasor programs they waatito
createThe first sep was for them to think about tparposeof the progranthey wanted to createhd
second stepvas tospecifythe prograns steps,which required the students to analyze therposeof

the programandthento decomposét small steps of everdction pairsWe provided a worksheet with
several idas;however,they did notuse these ideas and insisted on creating something of their own.
The problem was that tiievantedto create a prograrfiom scratchbut they didnOt look at as an
opportunity to make a progm with a purposeénsteadhey looked at it as st fun activity. The result

was that they created programs that showcased the VPL condiouetsample by using a large variety

of blocks,but that had no purpose.

Most of the groups managed tweateeventaction pairsand to explain what the program performs
when asked but some used tke advanced blocks incorrectly.olF example, they used the states
incorrectly, or used the timer eventandaction in the same pawvhich is not meaningful Most of the
students included in their programs "coblcks(in theirwordsg, suchas music, tapping and clapping.
They tene@dto usebuttons more thasensorswhich are more fundamental in robotibéost students
managed tereate a program that functionearrectly.

4 Discussion

The research goal was characterize the learning outcomes of yosegondgradestudentsvho took
part in a CS through roboticurse We first discuss thdindings from the observationsnd then
discussthe ahievement of the students ierms of the newtaxonomy Finally, we discussthe three
conjectureaindpresent the students' capabilities as measured by the questionnaires.

4.1 Observations

After the 21lessonghatincludedboth frontal instructionand computer la) the studentappearedo
like thar experiene with roboticsMost of the studentseemed engagatroughoutthe lessons and
weremotivated to succeed their assignmentsTheywillingly participated in the class demonstrations
andworked on lhelab assignments, creatingeaningful programs

The robot was perceived by the students as an integral part of the learning, riedingrst
experierce with CS a positive ondherobot made CS more tangible, allowing the students to have
handson interaction with the abstract concepts tihaty learned. The studentendedto imaginethat
therobot hachuman qualitiesThey bondedwith the robot which helpedthemto overcome difficulties

and to be even more engaged during the lesdangarticular, the Braitenberg reaturesformed a
bridge between the abstract and the tangible, allowing the rdtude implement complex event
handling even witmultiple actions.

4.2 Learning of CS concepts

The students had difficultiagith thetransitions between oreventactionpair and severat¢ventaction
pairs,and betweemne action per evemind multiple actions per evefthese difficultiesvereresolved

up with more pratice. As they learned more blocksmrfusion arose as to which block should be used
for which purpose. Furthermagrtherewas confusion between thettmm sensors and theorizontal
sensorswhichimpairedthe students' ability to understatig linefollowing algorithm.

A partial explanation of these difficulties could be that they arose from the sharing of a robatify gro

of three studentsyhich resulted in frictiowithin the groupsThe students were not allowed to take the
robots home, so theyere not able to practice creating and executing programs on their own. The latest
version of the VPL environment can be run in a softwary simulation so that programming can be
practiced even in the absence of a physical robot.

When compared ith previous worksuch asBers et al(2014), which only checkethe succes®f the
assignments thahe studentsvorked on in classyur workinvestigated their ability to go beyond what
was presented within the framework of the class in order to dereavbat the students of this age can



learn.

4.2 Thetaxonomy

Questionl showed that the students are capableoofectlypredicting the output of a givgsrogram.
In all of the questiomaires most of the studentasavered this qustion correctly, inparticular,the
success rates wevery highin the first and third questionnaires. Thiowsthateven young students
are able to analyze programs.

Question2, which required the students to choose the program that gives rise &naogiputshowed
that the students assocapable ofdentifying a program that can give rise to a given outpldst of
the students corrdgt answeredthis question in questionnaires 1 aBd but had difficulties with
questionnaire2. This was probablylue toprematuretestingof the students' capabilitiebefore they
haderough experience with the blocksadwith multiple eventactionpairs. The low success rates for
questionnaire 4vill be discussed in section 4.3.

The students encounterédficulties copingwith questionsof type 3, which required the students to
watch two videos ando choosethe statement that correctly described the differdreteveen themrlhe
low success rates wesggnificant for questionnaires, 2 and 4 They found it difficult to identify
behaviorsshownin thevideos and memorie them in order to answer the questitiris possible that if
the two programs were given in addition to the two videos, the students would nohddhte
memorize theontent of thevideos and their success mtgould have been higher.

The success rates of thgtudentsfor questions of type 4 were high both the first and second
questionnairesbut were low inthe third and the fourth questionnaireBhis question required the
students to complete a partial programoiler to achieve a given outpuhis is the first type of
question in th@roducing categoryl heresultsindicated that the students knew how to uselifierent
blocks andthey undestood the functiordy of the blocks, in addition to being able &malyze the
given code understand the functionality of the missing paatel how touse them to complete a
program.

The success rates of the students were high for questions of typeept in the fourth questionnaire.
This resultis interesting because it means that the students were capaldimgthe knowledge they
gained during thdessonsin orderto build new knowledge This is consistent with near transfer of
knowledge (Gick &Holyoak 1980)

Question6, which required the students to create a program from scratch whgaoahef the program
is given showed low success rates in all of the questionnairédle\ihe students were able to write
programs during class using triahd erroy and with the help othe teaching staff, thefound it
difficult to write programs outside the context of the robot and the VPL environifiRedall that the
questionnaires were administered offlinkloreover, when asking the students to bualgrogram of
their own during the project lesson, the students were rlettabgive a purposé the programs;
instead theyjust paired events and actions.

4.3.Interpreting the results in terms thfe conjectures

The students' success the class assignmentgere they wrote progranier the robottogether with
theresults of thdirst, secondand thirdquestionnairesshowed that the studerdasereachingrelatively
high levels of the taxonomy. This provides evidetitatthe studets are capable of understanding and
executesimple programs.In addition, he teaching stafbbservedthe successf the students on the
assignmentsThe students showegroficiency inusing the relatively advanced constructnodiltiple
actions per evengGiven that event handling is considered to lelatively advancedore concept of
computer science, wapncludethat the studentsere capable of understanding CS constructs

On the other hand, whehd studentsvere asked abouheseconcepts in the questionnaires the
worksheetgin particular in the fourth questionnairéheyencountereanany difficulties and struggled
to answer the questions and to desctie goal of gprogram.These difficulties also appeared during
the project phaseThe contrast between the performance in class and the difficuliids the
questionnaires leads me toncludethat the students demonstratee flourdain effectperformance



does not necessarilply understanding.

The inability of the students to specify and implement their own projects showeavhiat the
students wee able to understand constryctisey were not capable of creatiptans as defined by
Solowayand Sphorer(1989).

5 Conclusiors

Robotics activities enable even young students to Ibagic CS conceptsandthey are capable of
writing and ruming programs. Students performed well in answering questiofmsieprogramming
constructs andhe VPL environment enabled theustents to create programs graphically, thus
overcoming the linguistic barriers to programming. Robotics activities can be successfully used with
very young students to increase their interest and possibly motivation to become engaged with STEM
in general ad CSin particular.

However, arr results showed that young students find it difficult to go from learning concepts and
individual programming constructs to being ableteateprograms of more than a few lines. éther
importantconclusionis thatstudents onlfunctioned well when usingthe physicalrobot andwith the

help of theteaching staff

Further research is needéd order to map CS concepts the cognitive capabilitiesf students at
various agesn order to guidegeappropriatecurriculum devpment for elementary schools.
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