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Abstract. This work investigates students’ learning of computer science (CS) as part of a research
project on students’ learning of and attitudes toward STEM (Science, Technology, Engineering,
and Mathematics) subjects during their participation in robotics activities. The population con-
sisted of groups of middle-school students (ages 13—15 years) who participated in the FIRST®
LEGO® League competition. The methodology used is both qualitative and quantitative using
questionnaires, observations and interviews during the school year 2012-2013, and mainly group
interviews during the school year 2013-2014. A representational model was used during the in-
terviews to facilitate externalizing the students’ understanding of STEM concepts. The analysis
used the revised Bloom Taxonomy (BT) to study the students’ meaningful learning. Two CS con-
cepts were investigated: input-output and interfacing with sensors. The results showed that during
their preparation for the competition, almost all the students demonstrated meaningful learning,
although some students reached higher levels of the BT than others.
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1. Introduction

Recently, the number of schools that participate in robotics activities has increased
and a few of them have tried to integrate such activities into their school curriculum.
In order to improve learning of STEM subjects and to increase enrollment, educators
have suggested that robotics be integrated into schools at many levels from middle
school through college (Anderson et al., 2011). In particular, competitions like the
FIRST® LEGO® League (FLL) competition are the primarily type of robotics activities
in schools. Most of the existing literature shows that students can be motivated and en-
thusiastic about participation in robotics activities. However, there are very few empiri-
cal studies that demonstrate improvement in students’ learning of STEM. This research
project focuses on investigating students’ learning of and attitudes toward each of the
STEM subjects during their participation in robotics activities (Kaloti-Hallak, 2014).
This paper presents results on the learning of CS; subsequent publications will present
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the results on learning of other STEM subjects, and the results of the investigation of
students’ attitudes.

Our research concerned the achievement of learning by middle-school students par-
ticipating in the FLL competition. The data was collected by using a variety of instru-
ments: pre- and post-questionnaires, observations and interviews. The analysis was pri-
marily qualitative based on the cognitive process dimension of the (Revised) Bloom
Taxonomy (BT) (L. Anderson et al., 2001). Quantitative analyzing of the questionnaires
was also conducted.

The research question (limited to the scope of this article) is:
What scientific content knowledge do students learn during their participation in the
FLL competition?
a. To what extent is CS content knowledge is learned?
b. To what extent is the students’ learning meaningful?

The background is given in Section 2, followed by the presentation of the methodol-
ogy in Section 3. The data analysis is in Section 4, the findings are presented Section 5,
and they are discussed in Section 6 and concluded in Section 7.

2. Background

2.1. Robotics in education

Robots have been used in both community outreach programs and academic institutions
at all educational levels (M. Anderson et al., 2011), even in special needs education
(Virnes et al., 2008). Robots, as physically manifested computing devices, inherently
show students how the programs that they write can impact the real world. Robots are
generally used to motivate students’ interest in further study of science and technology
(Lauwers et al., 2009). It facilitates hands-on programming, increasing the quality of
interaction between the child and the robot (a command to the robot is followed by the
feedback of the robot’s behavior), and improves the quality of instruction and interven-
tion (Virnes et al., 2008).

Fagin and Merkle (2003) examined the effectiveness of robotics in encouraging first-
year university students to select computer science or computer engineering. In general,
results were negative: test scores were lower in the robotics sections than in the non-
robotics ones, and the use of robots did not have any measurable effect on students’
choice of discipline. Summet et al. (2009) assigned a robot to each student, defined a
curriculum and developed an interactive environment. They claimed that the approach
was successful, and that it encouraged more students’ to enroll in a higher level CS
classes. However, the authors were somewhat equivocal about the results, noting that the
“robots approach does not appear to be doing harm.”

Lauwers, Nourbakhsh and Hamner (2009) worked with CS educators to investigate
the features of robots that are well-suited to the learning goals of CS in an introductory
university-level CS course. The results were compared with courses taught previously
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without robots. They found a significant increase in students’ positive attitudes and mo-
tivation to learning with robotics activities; the students also completed all the assign-
ments and tests scores were significantly higher than in prior years. However, retention
did not improve.

Martin (2006) claimed that the physical imperfections in robots and the environment
can help students deal with unexpected problems better than computer-only activities.
Studies have shown that students’ response to a problem can be inadequate, because they
engage in trial-and-error until they succeed or give up. For example, Sullivan (2008)
showed that even academically advanced middle-school students who were motivated
to join a robotics research group and eventually succeeded in solving problems did so
through trial-and-error.

2.2. Robots and Robotics Competitions

Several kinds of robots have been used in education. For example, the Scribbler robot
(Summet et al., 2009), the iRobot Create (Anderson et al., 2011), the Topobo robot
(Virnes et al., 2008), or the Thymio (Riedo ef al., 2013). One of the most widely used
educational robots is the LEGO® MINDSTORMS® kit. Robots consist of the mechanical
robot platform, motor(s), an onboard computer and a system for communicating with
a desktop computer used for programming, sensors and software for programming the
robot. The software can be a visual programming environment, or it can be an adaptation
of an ordinary programming language.

Most schools engage in the robotics activities through competitions, including: the
Trinity College Fire-Fighting Home Robot Contests (TCFFHRC) (http://www.
trincoll.edu/events/robot/) (Verner and Hershko, 2003), the Botball con-
test (http://www.botball.org/) (Miller and Stein, 2000), Robo Fest (http://
robofest.net), and the FLL (http://firstlegoleague.orqg) or the FIRST
Robotics Competition (http://www.usfirst.org/roboticsprograms/frc)
(Melchior et al., 2005).

The FLL is a yearly competition for children in grades 4 to 8 using the LEGO®
MINDSTORMS®kit. The kit contains LEGO® bricks as well as motors, gears and sen-
sors. Programs are written on a personal computer using a visual programming environ-
ment called LabView and downloaded to the NXT controller, so that the robot can run
the program without being tethered to the computer. Students can download instructions
for constructing several robots; normally, one or more of these robots are built to obtain
experience before trying to design a new robot.

The FLL competition consists of three parts:

1) The students are required to design and build a robot that fulfils missions in a
scenario that changes every year; robots that fulfil the largest number of missions
in the shortest time win the competition.

2) A scientific project that challenges students to create an innovative solution for a
specific problem.

3) Developing core values that emphasize teamwork.
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My research focuses on the first part of the competition that requires students to
design and build robots.

The FLL competition’s missions are designed according to an authentic theme; in
year 2012-2013, the first year of the research was conducted, the FLL theme was “Se-
nior Solution” and contained missions that simulate assisting senior citizens in areas
that they may find difficult. A score is associated with each mission and can be accu-
mulated. In year 2013-2014, the FLL theme “Nature’s Fury” and contained missions
that simulate helping people prepare, stay safe or rebuild in case of natural disaster.
Yearly competitions have different themes, but they have common goals: promoting
robotics in education and encouraging systems-thinking, problem solving, and team-
work skills.

We choose to work within the context of the FLL competition for several reasons: (i)
it offers a different theme each year that is related to STEM and real world problems; (ii)
requires that the students make a presentation on the subject; (iii) it targets students as
young as 9 years old; (iv) it is the one that is available to us.

2.3. The Bloom Taxonomy and Meaningful Learning

The Bloom Taxonomy was first described in 1956 as a hierarchical model for the cogni-
tive domain that organizes the cognitive aspects of learning into six hierarchical levels:
knowledge, comprehension, application, analysis, synthesis, and evaluation (Bloom et
al., 1956). Given its popularity through the years, the taxonomy has been condensed,
expanded and reinterpreted in a variety of ways (Forehand, 2012; Johnson and Fuller,
2006). The model was revised by Anderson et al. (2001) with a number of significant
changes to the terminology, structure and emphasis. The revised structure has two di-
mensions: a cognitive process dimension with the original categories of Remembering,
Understanding, Applying, Analyzing, Evaluating, and Creating, and a knowledge di-
mension with the categories Factual, Conceptual, Procedural and Meta-Cognitive. The
new version is referred to as the revised Bloom Taxonomy (Thompson et al. 2008). We
chose to work with the revised BT because it appears to offer appropriate categories for
evaluating students’ meaningful learning.

Ausubel (1963, 2000) defined meaningful learning as the subsumption or incorpora-
tion of new learned material into the student’s cognitive structures. The goal of mean-
ingful learning is to teach students concepts that will be recalled and used; there-
fore, meaningful learning strategies must build complex knowledge structures in the
learner’s mind (Ausubel, 2000). It is commonly accepted today that generalizations
cannot be presented or given to the learner, but can only be acquired as a product
of problem-solving activities. Meaningful learning occurs when students build the
knowledge and cognitive processes needed for successful problem solving. The five
categories of the taxonomy (understanding, applying, analyzing, evaluating and creat-
ing) are increasingly related to transfer, while the remembering category is related to
retention (Mayer, 2002).
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Technology can make learning more meaningful. Howland, Jonassen and Marra
(2011) present five characteristics that are necessary to achieve meaningful learning
using technology: active, constructive, intentional, authentic, and cooperative. In con-
structionist learning (Turkle and Papert, 1991), students engage in active cognitive pro-
cessing. The revised BT cognitive processes describe the range of students’ cognitive
activities in meaningful learning that it is the way students can actively engage in the
process of constructing meaning (Mayer, 2002).

LEGO® MINDSTORMS® are conjectured to facilitate meaningful learning (Mill-
er, Nourbakhsh and Siegwart, 2008). Robotics competitions with LEGO® MIND-
STORMS® require that students collaborate in order to accomplish the tasks required,
such as the missions of an FLL competition. The students start with an assigned au-
thentic project, and as they become more familiar with the technology, they achieve
more control over constructing and programming the robot and can implement their
own creative ideas.

2.4. Computer Science Concepts

Performing robotics activities requires mastery of CS concepts. Computer science en-
compasses far more than programming (Denning and McGettrik, 2005). Denning ef al.
(1989) coined the phrase discipline of computing to combine the analysis and abstraction
of computer science with the abstraction and design of engineering. The discipline of
computing is the systematic study of algorithmic processes that describe and transform
information: their theory, analysis, design, efficiency, implementation and application. It
includes nine subareas: algorithms and data structures, programming languages, archi-
tecture, numerical and symbolic computation, operating systems, software methodology
and engineering, database and information retrieval systems, artificial intelligence and
robotics, and human-computer communication. See Denning ef al., (1989) for details of
each subarea.

Among all the CS concepts that the students demonstrated, we chose to focus on
two:

(a) input-output (not just from the screen and keyboard) which appears in the pro-
gramming languages subarea;
(b) interfacing with sensors from artificial intelligence and robotics subarea.

These concepts were chosen because: (a) students displayed a range of engagement
with the concepts during the robotics activities; (b) the concepts were not previously
known by most of the students; and (c) the concepts touch on more than just program-
ming, since students must identify the different sensors and their capabilities, understand
how they can be used for input and output, as well as the algorithmic transformation of
the input data to the output data.

The definitions of the concepts that we use here are based on robotics books such as
Trobaugh (2010), Kumar (2009) and Martin (2001). In more detail:
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a. Input-output: Computer programs receive input data, perform computations and
then produce output data. In robotics, the input comes from sensors that measure
the dynamic environment of the robot (light, color, proximity, touch) and output
(motors). This concept will be introduced when the students connect an input such
as light sensor and output such as the motors to the NXT controller. The control-
ler has four input connectors for sensors and three output connectors for motors.
The expected learning outcomes can range from just identifying the input-output
ports (limited learning) to explaining the difference between the input and output
devices and how they work (more extensive learning), up to the highest level of
devising new solutions based on these concepts.

b. Interfacing with sensors: Sensors in robotics can be used for detecting an object
or for following a line on the mission table using a light or color sensor. The ultra-
sonic proximity sensor can detect this distance to an object and the touch sensor
detects when the sensor touches something in the environment. The interface with
these sensors is by programming the controller. The expected learning outcomes
can range from identifying the techniques and algorithms used in interfacing with
sensors (limited learning) to modifying the techniques or creating new ones (more
extensive learning).

3. Methodology

3.1. Population

The research population consisted of middle-school students in Israel and the Palestinian
Territories, aged 13—15 years, who participated in FLL robotics competition. The robot-
ics activities were extracurricular, after school, on weekends and during vacations. Most
of the teachers have no background in robotics; they are trained for a few months before
they teach robotics and supervise the activities.

During the year 2012-2013, eight groups participated in the FLL competition. Six
groups (Group 1, Group 2, Group 5, Group 6, Group 7 and Group 8), a total of 47 stu-
dents (34 females and 13 males) participated in the competition for the first time, while
Group 3 and Group 4, a total of 15 students (all female), had previous experience with
the robotics. Ten of them had participated in the previous competition in 2011-2012.

The students who were interviewed by the researcher are referenced by S associated
with a number. A summary of groups is presented in Table 1.

Five groups (Group 1, Group 2, Group 5, Group 6 and Group 7), a total of around 37
students (29 females and 8 males), who had participated in the 2012—2013 competition
continued on to participate in the 2013—-2014 competition. Some of the teachers were
the same in both years, as were many of the students. Each group included students who
participated in the previous year’s competition, as well as new students who had never
participated before in robotics activities. The school of Group 7 initiated a regular ro-
botics class in 2013-2014 and added it to their curriculum. Six of the students who had



The Effectiveness of Robotics Competitions on Students’ Learning of Computer Science 95

never participated before in robotics activities participated in both the robotics class and
the robotics competition. The interviews were conducted with two students (S16 and
S17) who did not have experience in competitions, but who participated in the regular
school robotics class. For two of the groups (Group 4 and Group 8) we were not able to
collect data of their activities, and Group 3 did not participate in the competition for the
year 2013-2014. A summary of the groups is presented in Table 2.

The robotics activities started around the first months of the school year and ended on
the competition day, usually during the last two months of the school year.

The resources available to the students were the LEGO® kit, together with its man-
ual, online tutorials and books, and handouts provided by the organizers. In the ab-
sence of a fixed curriculum and textbook, the students searched for information from
all these resources.

Table 1
Research participants in the school year 2012-2013

Group Students Students with Students

Number and Gender experience in robotics Interviewed

1 9F - S1,S2,S3

2 6F - S8, S9

3 8F 4 S12, S13

4 7F 6 -

5 ™ - S4, S5

6 10F - S6, S7

7 7F - S10, S11

8 6M,2F - S14,S15

Total 62 (49 F, 13 M) 10F 1511 F, 4 M)
Table 2

Research participants in the school year 2013-2014

Group  Students Students with Students Teachers

number and gender experience in robotics  interviewed

1 7F 3 - Different

2 5F,2M 2 - Same

3 Didn’t participate in competition year 2013-2014

4 Not able to collect data from this group

5 6M - Same

6 7F - - Same

7 10F 4 S16, S17 Different
(6 of whom

participated in
robotics class)
8 Not able to collect data from this group

Total 37(29F,8 M) 9F 2F
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3.2. Research Instruments

The data collection instruments included (a) pre- and post-questionnaires consisting of
Likert-scale items to investigate the students’ attitudes toward learning STEM and ro-
botics activities; (b) observations during the school year; (c) semi-structured interviews
conducted by the researcher with 2-3 students from each group; and (d) group inter-
views conducted by the judges during the competition day. The observations and the
interview were recorded on video.

The interview used a Representational Model (RM), defined as an inscription, image,
analogy, physical construction or computer simulation that facilitates the externalization
of students’ knowledge and understanding. Students were asked to express the design
of their robots (including aspect of mechanics, electronics and software) graphically or
in writing, and to instruct the robot to accomplish one of the FLL missions using flow-
charts, pseudo-code, or any other notation of their choice. Before the interview, a table
with materials that students might use to express their thoughts was prepared: paper,
pencils, crayons, rulers, a protractor, and LEGO® pieces.

The students were asked to relate to three types of activities (tasks) in their represen-
tational models: a) the engineering of the robot; b) the mathematics required to instruct
the robot to perform the missions; and c) the programming and CS concepts required. In
this paper we focus on the programming and CS concepts. In each case, an alternative
task was prepared to be used if the student did not cooperate in the initial task.

For example, the students had drawn a path that the robot should take to reach the
mission’s location, determined the distance and angles the robot should take, and de-
cided on the functions the robot needs to perform, such as lowering a handle or picking
something up. The students were now asked to write or draw the programming instruc-
tions and to explain these instructions. If the student couldn’t write or draw the program
instructions, a written program prepared in the NXT environment is presented as an
alternative task and the students were asked to explain it.

3.3. The Operationalization of Meaningful Learning of the CS Concepts®

The categories or levels® of the cognitive process dimension of the revised BT were
used to analyze the meaningful learning of CS concepts during the robotics activities.
The first level of the BT, remembering, promotes retention, while the five levels above
remembering, promote transfer (Mayer, 2002). Mayer claims that in some subjects,
you need to start with remembering in order to get to a meaningful learning goal, and
we believe that this is true in robotics. However, in robotics, meaningful learning re-
quires more of the students than simply recalling or recognizing factual knowledge.

! The first author was asked by the judges to participate in some of these interviews.

2 Words in bold in this section and below refer to the categories of the revised BT and italic is used for the
operational definition of each category.

3 We use levels in preference to categories.
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Therefore, we required that students achieve higher levels than remembering in order
to demonstrate meaningful learning. The higher the level the more meaningful learning
the students gain.

For the concept of input-output, we merged the understanding and the applying
levels, because if the students realize the concept they also need to implement the related
techniques. We merged the analyzing and the evaluating levels, because if the students
integrate knowledge related to the whole design, they are also differentiating, compar-
ing and criticizing the different performances of their design.

As for the concept of interfacing with sensors, we merged the applying with the ana-
lyzing level, because when the students implement a solution to a task, they go directly
to integrating knowledge related to the whole design and festing the solution.

The BT levels for the CS concepts were operationalized as follows:

1. Remembering: The students demonstrate the remembering level if they are:

a. (Input-output) naming, listing or memorizing facts and terms as they had been
taught or mentioned before without demonstrating any meaningful grasp of
the input-output functionality. For example, the students are mentioning the
port sides of the NXT to attach the sensors and the sides for motors as they
have been told without realizing the difference between them.

b. (Interfacing with sensors) naming, listing, memorizing or identifying the avail-
able sensors and the command(s) responsible for interfacing with those sen-
sors. For example, the students are /isting the available sensors as have been
told without knowing or trying to use them.

2. Understanding: The students demonstrate the understanding level if they are:

a. (Input-output) realizing, recognizing and implementing the main ideas or
knowledge of the input-output concept in a new problem.* For example, the
students are recognizing that the sensors are input devices and connect them
through the input ports, same with motors connecting them through the output
ports of the NXT.

b. (Interfacing with sensors) recognizing the facts (properties), techniques or al-
gorithm related to the use of sensors’ command(s). For example, the students
are recognizing the NXT blocks responsible for operating the sensors. How-
ever, they are not trying to use any sensor.

3. Applying the students demonstrate the applying level if they are:

a. (For input-output this level was merged with understanding).

b. (Interfacing with sensors) using the relevant knowledge, techniques or algo-
rithm to interface with the sensors in solving a problem.® For example, the
students use the light sensor to follow a black line on the mission table ground.
They are using a specific technique.

4. Analyzing the students demonstrate the analyzing level if they are:

4 For this concept, the definition refers to the merged understanding / applying level.
5 For this concept, the definition refers to the merged applying / analyzing level.



98 F Kaloti-Hallak, M. Armoni, M. Ben-Ari

a. (Input-output) explaining the related knowledge of the input-output and differ-
entiating between their functionality in relation to the overall structure of the
robot.® For example, the students are explaining the robot’s sudden stopping
position (away from the mission table edges) as the reason is related to the ap-
proximate sensor measurements.

b. (For interfacing with sensors this level was merged with applying).

5. Evaluating the students demonstrate the evaluating level if they are:

a. (For input-output this level was merged with analyzing).

b. (Interfacing with sensors) criticizing, explaining and modifying the algorithm
used for interfacing with sensors according to the robot’s test results. For ex-
ample, if the students used PID controller technique, they modify the algorithm
to improve the robot’s movements.

6. Creating the students demonstrate the creating level if they are:

a. (Input-output) coming up with a new, alternative or unexpected solution, or
devising a new strategy for using the input-output concept.

b. (Interfacing with sensors) coming up with a new, alternative or unexpected
algorithm.

4. Data Analysis

The students of each of the eight groups worked as a team on the activities for the FLL
competition. Some students worked more on the scientific project part, but during the
observations, the interviews and the competition day group interview, students used the
plural pronoun ‘we’ (rather than ‘I’), thus expressing the group’s involvement and mu-
tual responsibility. Therefore, we take the interviewed students as representative of the
group as a whole, and not just to assess the learning of individual students.

The analysis of the data from the school year 2012-2013 focused on the observa-
tions of the students during the activities, and on the interviews of 15 students after the
activities, while the analysis for year 2013—2014 focused on the group interviews during
the competition day, except for Group 7, whose data was collected during the year and
focused on the observations and the interviews of two students. The students who were
interviewed by the researcher are referred to by S associated with a number as presented
in Table 1 and Table 2 in section 3.1 above.

The research data collected were analyzed quantitatively and qualitatively. The quan-
titative analysis was relevant only to the investigation of students’ attitudes and will be
reported separately. The qualitative analysis examined the transcriptions of the observa-
tions and interviews that were videotaped. The transcriptions were analyzed according
to the BT, as operationalized above. The analysis of the students’ verbalization during
the observations and their interaction with the representational models were inspired by
Chi’s (1997) verbal analysis for quantifying qualitative data.

© For this concept, the definition refers to the merged analyzing / evaluating level.
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The qualitative analysis regarding the CS discipline was performed as follows:

1. Segmenting each group’s data according to the activity: the beginning, the middle
and the end of the year (the competition).

2. Presenting the segments in tables; the rows of each table demonstrated a specific
concept accompanied with detailed information and explanation.

3. An analysis for all the groups was conducted according to the segments presented
in step (1) and further analyzed according to the concepts.

4. Another analysis was carried out for each of the concepts related to all groups.

5. The findings were summarized. The learning level of each group for each concept
was presented in a table.

To ensure validity of the qualitative analysis, the researcher was not involved in
the teaching and learning process, but only in preparing the research instruments and
performing the data analysis. Triangulation among instruments was used to ensure the
accuracy of the results. In addition, an independent analysis of the results was performed
by a colleague to ensure theoretical validity. The few disagreements that occurred were
negotiated until a consensus was reached.

5. Findings

This section presents the findings of learning CS during the preparation for the FLL
local competitions. For each concept, the findings are summarized in a table for each
group and then explained according to the BT. For groups that were investigated in both
20122013 and 2013-2014, there are two rows for the group in the table, one (white)
for the first year and one (gray) for the second year. The results regarding learning are
depicted by an arrow that starts at the initial BT level and ends at the BT level the stu-
dents achieved at the end of the activities. The results of all groups in year 2013-2014
refer to the final period of the robotics activities (the competition day), except for Group
7 where the results refer to the whole period from the beginning of the activities until the
competition day in 2013-2014.

5.1. Input-Output

5.1.1. Summary of the Learning Levels that Were Achieved
Table 3 summarizes the results of the input-output concepts.

Regarding the groups who had participated in the robotics activities for the first
time in year 2012-2013, three out of the six groups (Group 5, Group 6, and Group
8) demonstrated learning at the analyzing / evaluating level of the BT. The groups
started the activities at the remembering level. Three groups (Group 1, Group 2 and
Group 7) started at the remembering level and at the end demonstrated a learning
level of no more than the understanding / applying. The same results were demon-
strated for the two groups (Group 3 and Group 4) who had previous experience in the
robotics activities.
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Table 3

Results for the computer science concepts — input-output

Groups Remembering  Understanding / Applying  Analyzing / Evaluating  Creating

1 L ———
e
2 I —
3 e
4 ——

5
e —

6
e —

7

a /—a —
8

In year 2013-2014, one group (Group 7) demonstrated learning at the analyzing
/ evaluating level, and three groups (Group 1, Group 5 and Group 6) demonstrated
learning at the understanding / applying level, while the data that was collected for
Group 2 were not sufficient to demonstrate the learning level for this concept. The
groups’ starting level could not be determined because the data were gathered only
during the group interview on the competition day. The results showed that for the year
2013-2014 Group 5 and Group 6 demonstrated a lower level of what they demonstrated
the year before.

The data of Group 7 were collected throughout the school year and showed that the
new students demonstrated the remembering level at the beginning of the activities
(presented in the table above as dashed arrows) and joined the understanding / applying
level with the experienced students when they participated in the school robotics class.
Later in the activities, all students demonstrated the analyzing / evaluating level.

5.1.2. Examples for the Learning Levels and Expanded Observations
The following points were observed and can be illuminate and broaden these results:

e Limited learning: All the groups / students memorized the connection between
the input-output devices with the NXT controller as they had been told, such as
assigning the port ‘A’ always for the motor that is responsible for moving the
manipulators. For example, the student S2 of Group | named the ports during the
interview:

S1: [writing on one side of the NXT (see Fig. 1)] ‘A’ [port] is for the [motor
connected to the] robot handle [a manipulator, a LEGO® construction for
dragging and lifting] always. And ‘C’ [port] is for the left wheel and ‘B’ for
the right one [wheel]. Here is the USB for the computer. Now here [writing
on the other side of the NXT] we have ‘1°, 2°, °3°, and ‘4°.
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Fig. 1. Students’ drawing of their robot.

When the students were asked if it is necessary to use that order, S12 of Group
3 responded during the interview:

S12: Well, ‘B’ and ‘C’ [ports] ... we can switch them, but ‘A’ [port], it has
to be for [connected with] the handle [manipulator].

Students invariably used the same three outputs in this order. They memorized

the location of input ports and the output port, but they did not know the difference
since they only followed what they had been told.
The difference between input and output: The location of the input ports on
the NXT controller is on the side opposite of the location of the output ports. All
students realized the locations and their connected devices, but treated them as all
input or output. For example, Student S2 of Group 1 described the connections
during the interview:

S2: The NXT is the brain of the robot. I mean without it the robot would not
move. When we connected and downloaded [the program] from the com-
puter to the NXT, the robot moved ... of course, by using the wires that are
connected to the motors. The motors caused the handle [manipulator] and
the wheels to operate. Here are the outputs ‘A’, ‘B’, and ‘C’ ... ‘17, ‘27, ‘3,
and ‘4’, each of these are outputs for the sensors [use].

S2 realized the places and the connections of the ports with the NXT control-
ler, described the download of the program that caused the manipulators to oper-
ate by the motors, and mentioned that the wires connect the sensors, motors and
the USB with the NXT controller. However, she referred to them as output, then
and during the interview:

S2: No, these are inputs [thinking] these are inputs [pointing to the ‘1°,
‘2’,’3’and ‘4’], all of them. [Explaining by showing confidence] these four
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[pointing to 1°, <2°, “3” and ‘4’] are inputs for the sensors, and these [point-
ing to the ‘A’, ‘B’ and ‘C’] are inputs for the motors’ movements. ... Actu-
ally in the NXT there are not only 7 outputs, we have 8 outputs. The 8th is
the speaker .... No ... these are outputs not inputs ... ah ... yes outputs ...
the speaker is ... it gives sound. For example, when the robot reaches the
destination, it gave a sound of ‘Good bye’ ... the sound is an output.

Some of the students, similar to S2, were confused when they were asked to

explain the difference between input and output. Eventually, after reflection, S2
was able to understand the distinction between inputs and outputs, when she re-
called the knowledge concerning the speaker as an output component and applied
it to another situation (the sensors and motors). These students demonstrated the
understanding / applying level but not higher.
Developing a non-viable mental model: A few students confused downloading
a program into NXT controller with inputting sensor’s data. Although they knew
that speakers are an output, they found this inconsistent with the mental model
that the insertion of all wires is input. For example, Student S3 of Group 1 said
during the interview:

S3: One output for the USB. The USB is an input ... we write a program
and input it [download] from the computer to the NXT. The outputs are the
sensors ... the same as the motors. Outputs are from the motors to the NXT.
The input, which is the only USB, which we used to download the program
... these [pointing to the ports] are the input, from the motor to the NXT.

S3 referred to the connection of the USB as input and showed using their
hands the downloading the program from the computer to the NXT. Student S1
mistakenly thought that the activity of connecting wires to the ports means input
and that there is no difference between input and output:

S1: I know there are inputs and outputs but I do not know what the differ-
ence is or where are they. According to what I know we connect the wires,
these [the components that are connected by the wires with the NXT] are
inputs. ... Both [input and output] have the same meaning.

The mental model they created when they inserted the wires to the NXT
caused them to call it input. S1 did not specify what are the inputs or the outputs
but realized where each should be connected with the NXT controller.

e Explaining the input-output devices’ functionality but not the concepts: Some

students realized the functionality of the input-output devices. For example, Stu-
dent S12 of Group 3 during the interview said:

S12: The motors need different programming orders than the sensors. The
sensors sense something [surroundings], I mean if the robot needs to do a
mission, the robot will do it even if the place is different. And if something
got different [in the environment] the sensor reflection rate would change. It
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is like a local plan, we do not know the values before the sensor operates ...
we have wires, these wires transfer the data by electronic charges, and the
motor which is a device that transfers these data or order to movement.

S12 explained how the sensors read the surroundings and accordingly the ro-
bot moves or operates. S12 described how the data transferred and caused the
robot to move. However, when S12 was asked about the concepts’ terms:

S12: T heard that the inputs are the programs that we download from the
computer to the NXT controller. While that outputs are the missions that
the robot accomplish, or may be the orders that we download from the NXT
to the computer.

S12 thought that the process of downloading from and to the computer repre-
sent the terms input and output. She did not connect what she just explained about
the sensors and the motors with the concept’s terms. Therefore, S12 and other
students reacting similarly demonstrated the understanding / applying level.
Implementing and explaining the data flow: After connecting the motors to the
NXT, the students were asked to explain the data flow from the sensors through
the NXT and then to the motors. Most of the students exemplified the data flow by
talking about the medicine mission. For example, Student S5 of Group 5 exempli-
fied during the interview:

S5: The robot gets the information from the sensor, analyzes it ... For ex-
ample, [if the sensor reflects a color of] black or white, then the “reversed
feeding” [as the student called it] which is when the program evaluates and
orders the motor to move accordingly.

Some of the groups listed all the inputs and outputs peripherals in the robot,
described the data flow from the input to generate output, applied the information
about the concepts by using different sensors and controlling the robot’s move-
ments. They were able to differentiate between the concepts and relate the knowl-
edge to the overall structure and behavior of the robot.

Moreover, the students were able to use the information about input and output
for the purpose of moving from one programmed mission to another in a single
touch sensor press, or using the NXT buttons (as if they were sensors) to select the
specific program for each mission and thus gain more time for accomplishing the
missions within the limited competition time. For example, Student S4 of Group
5 said during the interview:

S4: We used the buttons on the NXT as sensors; as it [the robot] waits until
we press on one of the NXT button, then it will do the next mission [instead
of clicking several buttons on the NXT fetching for the right program for a
specific mission].

S4 explained, manipulated and evaluated the inputs and outputs to serve their
needs. They expressed the manipulation to the overall structure either by using the
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NXT buttons or the touch sensor. S4 and other students reacting similarly demon-
strated the analyzing / evaluating level, although it could also be considered to
be creating because it was so unexpected.

e Connecting the information gained in a regular technology class with the ro-
botics activities: Some of the students recalled their knowledge of the previous
years’ regular technology classes within the context of the robotics activities. For
example, Student S10 of Group 7 said during the interview:

S10: I did not recognize the connection [of what she learned in the technol-
ogy class and what she learned during the robotics activities] before [the in-
terview]; this is awesome! ... Now I understood the concept [input-output]
more [than her understanding from the technology class].

S10, during the interview, recalled that the concepts input-output were men-
tioned in her regular technology class last year and explained the relevant of these
concepts to the activities. However, this was only during the interview, when she
was asked if they learned the concept input-output before the activities.

5.2. Interfacing with Sensors

5.2.1. Summary of the Learning Levels that Were Achieved
The students needed to program the sensors for two missions: 1) using a color sensor to
detect the green medicine; and 2) using a light or color sensor to enable the robot follow
the black or colored line on the competition table. Table 4 summarizes the results regard-
ing the concept of interfacing with the sensors.

Regarding the groups who had participated in the robotics activities for the first time
in year 2012-2013, one group (Group 5) out of the six groups, demonstrated learning at

Table 4

Results for the computer science concepts — interfacing with sensors
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the evaluating level of the BT, and one (Group 7) demonstrated learning at the applying
/ analyzing. Both groups started the activities at the remembering level.

Three groups (Group 1, Group 6 and Group 8) demonstrated learning at the under-
standing level. The groups started the activities at the remembering level. Only one
group (Group 2) demonstrated no more than the remembering level. As for the two
groups (Group 3 and Group 4) who had previous experience in the robotics activities,
they started learning at the remembering level and achieved learning at the applying /
analyzing level.

In year 2013-2014, one group (Group 7) out of five demonstrated the level following
the one they demonstrated the year before. They started at the applying / analyzing and
achieved learning at the evaluating level. Two groups (Group 2 and Group 5) demon-
strated learning at the applying / analyzing level. The students of Group 2 started at the
understanding, which was the level following the one they had demonstrated the year
before, while Group 5 demonstrated a level less than the one they had demonstrated the
year before. Two groups (Group 1 and Group 6) demonstrated no more than under-
standing. These two groups’ starting level was not clear because the data were gathered
only during the group interview on the competition day.

The data of Group 7 were collected throughout the school year and showed that the
new students demonstrated the remembering level at the beginning of the activities
(presented in the table above as dashed arrows) and joined the applying / analyzing
level with the experienced students when they participated in the school robotics class.
Later in the activities, all students demonstrated the evaluating level.

5.2.2. Examples for the Learning Levels and Expanded Observations
The following points were observed and can be illuminate and broaden these results:

e Limited learning: All students followed the instructions presented in the LEGO®
kit booklet to connect the light sensor. They recognized that the sensor block in
the NXT software is used for the programming to interface with the sensors.
They named the different kinds of sensors and briefly /isted the purpose of using
each one. For example, Student S15 of Group 8 listed the available sensors dur-
ing the interview:

S15: The light sensor and color sensor for detecting the colors, the Gyro
sensor, for detecting and measuring the angles, and the ultrasonic to let
the robot avoid hitting the wall [competition table edges]. At the end we
decided not to use any of the sensors...

S15 listed the kinds of sensors and their uses but the students of Group 8, at
the end of the activities, caused the robot to move according to the measurements
instead of using any sensors. Therefore, the students of Group 8 and other students
reacting similarly demonstrated the remembering level.

e Implementing using sensors for specific reason: Most of the students described
the overall process of the sensors’ functionality. For example, Student S12 of
Group 3 used the touch sensor for the purpose of moving after getting hit into the
competition table edges. she said:
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S12: We used the touch sensor to avoid hitting [the robot] into the wall
[competition table edges]. We used to have hard time when the robot hits
into the wall and stop [not doing the next order]. The touch sensor made the
robot stop and then move forward.

The robot switches to the next order / command (or in this case block) in

the program when it finishes the current one. When the robot are forced to stop
because of hitting an edge, it is actually operating to finish the order of moving
until the time or distance assigned ended. The students of Group 3 used the touch
sensor to cause the next command to operate and thus keep the robot moving.
These students and other students reacting similarly demonstrated the applying /
analyzing level.
Using the dual- or multi-state technique / algorithm: One of the NXT blocks
is a block for interfacing with sensors. By filling out the needed parameters, the
sensor operates accordingly. For example, Student S3 of Group 1 explained the
method used for interfacing with the color sensor:

S9: we programmed the robot so the sensor detects a color. The sensor’s
light turned on, and when it [the light attached with the color sensor] is on,
the sensor detects the colors around it. There are colors that either reflect
or absorb the light. The colors that reflect the light have rates of more than
50. While the colors that absorbs the light, usually have rates of less than
50. For example, we want the robot to move on [following] the black line
[drawn on the competition table ground], the black color absorbs the light,
so it is less than 50. So when the sensor detects a color that has a rate of less
than 50, we assign an order [command or added a block] to do some action
such as stop, turn or move.

S3 explained the relevant knowledge of light reflection, described the method
of reading the rate of reflection and manipulate accordingly. This method called
dual-state method. Most of the groups’ students referred to this method when de-
scribing the interface of sensors.

A few of the groups’ students descried the multi-state method. For example,
Student S6 of Group 6 mentioned during the interview:

S6: We determined the range of the colors; black, white, green and orange.
Then we assigned the value in a loop. I remember using the switch [con-
ditional statement block], if yes [the option within the range of a specific
color], the robot should keep checking, otherwise stop ... and things like
that [for the rest of the colors]. But we did not have time to do it; we left the
medicine mission to the end.

S6 described the algorithm by using the visual blocks related to sensors for de-
tecting several colors. S6 also interpreted the process related to the repetition and
conditional statements. However, the students of Group 6 did not actually imple-
ment the program; instead, they decided to discard and skip the accomplishment
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of the medicine mission. Therefore, the students of Group 6 and the other students
reacted similarly demonstrated the understanding level.

Using the PID technique / algorithm and comparing the results: A PID con-
troller modifies the output proportional (P) to the input value, its integral (I) and
its derivative (D). This concept was mentioned by one of the mentors, but the
students used only the simplest P (proportional) controller. The algorithm was
used for the purpose of following the black line on the competition table ground.
Student S4 explained the algorithm during the interview:

S4: First we dragged the light sensor [the software block] ... we had sev-
eral laws that we wrote on a separate paper ... We started applying these
laws one after another: First thing we subtracted the ‘perfect point’ -50, in
order to cause the robot move on the edge that had 50% white and 50%
black, then we looked at the ‘proportional constant’, which was the mul-
tiplication by 0.9, because we did not want to cause the robot to move in
a [noticeable] zigzag way. Then the program had to decide one of the two
directions — subtract or add. ... [With an appropriate speed] ... we added
the motor ‘B’ [added a condition block and then a move block for ‘B’]
and on the other [side of the condition block] motor ‘C’ [move block]. It
depends on the robot’s location; if it is on the right or the left side of the
black line. All these are inside a big loop ... So the robot moved right,
smoothly and straight.

In addition, Student S5 of the same group gave an example:

S5: If the sensor saw 60% [the reflection light rate] that means the robot was
going to the white color a little, so we had an order to decrease that motor
power and increase the other motor [each responsible for moving the front
wheels], and the robot turned.

Both S4 and S5 of Group 5 described, exemplified, checked and critiqued the
proportional method and modified the solution that caused the robot to move on
the colored line with hardly any zigzag. Student S4 compared the experience of
using sensors with the experience when the group started the activities without
using any sensors. S4 reached to the conclusion that the group was wasting their
time when they did not use any sensors. The Group 5 started the activities without
using sensors, because they thought that using sensors might ruin the behavior of
the robot, especially on the competition day that may have different environment
(an issue mentioned by all groups). Subsequently, the students of Group 5 decided
to use three sensors, which they programmed without assistance; they were highly
motivated to extract information from sources such as online resources.

Although the students of Group 5 were confident of their work, the robot did
not behave as expected on the competition day. Therefore, the students of Group
7, in year 20132014, realized the problem and developed an alternative plan.
Student S16 explained the use of the gyro sensor during the interview:
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S16: I agree that the use of sensor was beneficial. But for the competition we
were afraid of using sensors. We had two programs one interface with sen-
sors and one without sensors. We used the one [program] without sensors.

The groups who used the sensors and explained the algorithms demonstrated
the applying / analyzing, while the one who criticized the algorithms and tried to
modify it to get better results demonstrated the evaluating level.

5.3. Two Items in the Attitude Questionnaires that Dealt with CS

Although the investigation of attitudes is beyond the scope of this paper, we bring two
items of the questionnaires that are relevant to CS learning. (1) “I think computer science
knowledge is necessary for robotics.” (2) “My future career will not be in computer sci-
ence.” The results showed that around 85% of the students agreed on the importance of
having computer science knowledge for the robotics activities. The percentage was high
when they started the activities and slightly increased by the end. For the second item,
most of the students responded ‘not sure’ in both the pre- and the post-questionnaires.

6. Discussion

6.1. Meaningful Learning According to the Bloom Taxonomy

Almost all the students demonstrated meaningful learning as a result of participation in
the robotics competitions. Most of the groups demonstrated learning up to the level of
understanding / applying, except for one group that demonstrated learning at the low
level of remembering for the concept of interfacing with sensors. Some of the students
reached higher levels of the BT like analyzing or evaluating. A closer examination of
the findings yields the following results.

Most of the students achieved the level of understanding or applying for both con-
cepts, that is, they connected the input-output devices with the NXT controller correctly
and tried to interface with sensors, as required for completing one of the missions. How-
ever, the scope of their learning was narrow: they did not distinguish between inputs
and outputs, and eventually decided to discard the missions that required the use of the
sensors. Indeed, both concepts necessitate exploring and searching for information, in
order to reach higher levels of learning.

Fewer students reached the level of analyzing or evaluating level. These students
explained the concepts, differentiated between inputs and outputs, and used the relevant
knowledge in modifying the structure or the algorithms. The common characteristics
of these groups were the exploration of the resources and discovering new solutions,
with or without help from the teacher or mentor. For example, Group 7 which reached
the evaluating level for both concepts had a teacher who employed a guided discovery
learning pedagogy, while there was limited involvement by the teacher in Group 5 which
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also reached the evaluating level for both concepts. This was compatible with Sullivan
and Moriarty (2009); they examined the teacher’s reflection on teaching and learning
robotics through the discovery learning method, and found that the experience of finding
information and solving unexpected problems was effective. We conclude that students
and teachers need to be encouraged to work together in exploring and acquiring knowl-
edge and in discovering new solutions.

Only one group (Group2) did not exceed the remembering level for the concept
of interfacing with sensors. The students only listed the kinds of sensors available and
their purposes. They could not describe their algorithm for interfacing with the light
sensor even though it was part of the design. We believe that this poor performance
was related to the teacher-centered instructional pedagogy that they experienced. The
context—accomplishing the competition missions—certainly facilitates the use of these
two CS concepts; however, the teacher’s detailed instruction on how to use the sensors
did not foster high levels of exploration. This is in contrast with the achievements of the
other groups who reached higher levels of learning with teachers who were not using a
fully teacher-centered pedagogy.

6.2. Factors that Affect Learning in Robotics Competitions

We found that certain factors characteristic of the robotics competitions seemed to play
a role in determining the learning levels that the students achieved: (a) the competitive
nature of the activities; (b) the teaching pedagogy; (c) the unstable nature of the design
of the robots; (d) the curricular position of the activities.

The competitive nature of the activities. Two aspects of the competition influenced the
students’ learning: the mission requirements and the limited time available. The competi-
tion had a positive impact on students’ learning, because they were challenged to solve
problems in order to accomplish the missions. This is consistent with Melchior et al.
(2005) who found that the FRC competition promoted a positive academic trajectory for
its students. However, the competitive environment also had some negative impact. For
example, some students did not attempt certain missions, because of the limited time they
had thought that they would not be able to succeed in interfacing with the sensors. A few
groups were able to manage their time and accomplish most of the missions—including
the harder ones—so we cannot conclude that time limitations were the only negative fac-
tor for those students.

Teaching pedagogy. The results showed a high variability in the learning that the stu-
dents achieved. As discussed above, discovery learning was explained variability be-
tween groups. Students experienced a teacher-centered pedagogy at the beginning of the
activities, enabling to achieve the remembering level. Since most of the teachers had
limited knowledge of robotics and the robotics competition, a shift to a learner-centered
pedagogy occurred in most groups when the students and teachers realized that the shift
was necessary in order to accomplish the missions. Both the students and the teachers
(or in some cases the students alone) searched the available resources to construct more
knowledge and to solve the unexpected problems. This supports the claim by Virnes, Su-
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tinen, and Kérné-Lin (2008) that the advantage of robotics activities is that they offer op-
portunities for exploration due to the frequent occurrence of unexpected problems. This
raises the possibility that teacher-centered pedagogy may not be effective in the context
of robotics competitions.

The unstable nature of the design of the robot. Martin (2006) noted that the physical
variability in real-world robots and the environment can help students deal with unex-
pected problems. Our findings showed that the teachers did not hide the fact that “robots
do not drive straight” and pointed out that sensors are unreliable. Some students became
discouraged and tried to eliminate sensors in their design, while other students took it
as a challenge. Indeed, the solutions that the students presented as a challenge, did not
work very well in the competition, but the students acknowledged the benefit of using
sensors and felt proud of their accomplishments. This may have been due to the students’
determination to succeed, which was observed during their design sessions and reported
in the interviews.

The curricular position of the activities. Most of the students from Group 7 who had
participated in 2012-2013 competition also participated in a robotics course that the
school introduced the following year. The new students who joined the group demon-
strated the remembering level at the beginning of the activities and were able to catch up
with the students who had participated in the competition the previous year. All students
eventually demonstrated learning up to the evaluating level, exploring information out-
side the scope of the available resources and producing impressive robot designs. This
supports the findings of Melchior, et al. (2005) that the FRC helped participating schools
in introducing robotics courses in fostering a positive school spirit. An alternative ex-
planation might be that the new students were helped by their more experienced team-
mates, and they could have reached a similar level of learning if the activities had been
extracurricular. However, the observations and interviews showed that the experienced
teammates did not mentor the new students; furthermore, additional material was taught
in class that had not been part of the competition. In other groups who participated for a
second year in extra-curricular activities, we could not observe similar results. Although
no direct help by the experienced students was observed, nevertheless, the new students
seemed to learn faster in this context.

7. Conclusions

The research showed that robotics competitions are effective in achieving meaningful
learning of computer science concepts. Most students reached the middle levels of the
Bloom Taxonomy and some reached higher levels. The most successful learners were
those who engaged in exploration of resources in order to learn new concepts and to
solve problems they encountered.

The competitions had both positive and negative effects. On the positive side, many
students displayed a determination to accomplish the missions that led to effective learn-
ing behaviors. On the negative side, learning opportunities were sometimes pushed aside
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in favor of constructing robots that tried to accomplish the missions. Further research is
needed to determine the relative advantages and disadvantages of robotics competitions
when compared with curricular robotics activities.
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