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Assessing Elementary Students’ Computational Thinkig in Everyday Reasoning and
Robotics Programming

Abstract

Based on a framework of computational thinking (&dapted from Computer Science Teacher
Association's standards, an instrument was develtpassess fifth grade students’' CT. The
items were contextualized in two types of CT appba (coding in robotics and reasoning of
everyday events). The instrument was administesedpe and post measure in an elementary
school where a new humanoid robotics curriculum a@spted by their fifth grade. Results
show that the instrument has good psychometricestegs and has the potential to reveal
student learning challenges and growth in term€of

Keywords:computational thinking; robotics education; evaluation methodologies; programming
and programming languages
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1. Introduction
1.1 Background

Recent years have witnessed an increasing empbrasigegrating computer science into K-
12 settings. This boom is being driven by manydeincluding economic and technological
demands for a future workforce with necessary cderpskills. In the United States, there has
been a governmental level push in computer sciedoeation (Smith, 2016). Starting computer
science education in early grades contributescaliyi to this initiative since children’s early
experiences likely factor into their persistencéhie@ domain and future career choices (Margolis
et al.,, 2010 Yardi & Bruckman, 2007). Unfortunately, there is limitedsearch targeting
elementary students in this area.

The XXX project (name omitted for blind review) asie of the many initiatives in bringing
robotics and computer science curriculum to eleargnstudents. The project utilizes the
humanoid robot platform NAO by Aldebaran Robatjess it contains many of the sophisticated
tools such as voice/speech and face recognitionchwis reflective of the current status of
professional robotics and aligned with our goakrposing students to robotics platforms that
are similar to what is used by professionals. Monportantly, this platform has a visual
programming platform (i.e., drag-drop) that is agprate for elementary age students.
Furthermore, the NAO platform includes a robotirswsator, thus allowing the students to run
their code quickly on the simulator while shariihg fphysical robot resulting in the cost being
relatively affordable.

This paper focuses on the assessment aspect pfdjeet. As in many other similar projects
(e.g. Weintrop et al., 2014), we are deeply cormeémuith what students learn in this curriculum.
One thing is certain, that if the only thing stutdetake away from this curriculum is a set of
specific commands that ask the robot to move faiwéurn left, say “hello”, etc. (which is
important), this project could hardly be recogniasda success. Computer science is such a fast-
changing domain that those who possess a singlefsskills tied to specific software or
hardware may quickly lag behind. What we deem muomngortant is to assist our students to
acquire certain skills and thinking patterns tha&t @eadily transferable, and thus conducive, to
their future learning and problem solving in compgtrelated subjects or even everyday
reasoning. In order to prepare themselves for éutearning and transferring (Bransford &
Schwartz, 1999), students need to be equipped afgstcessary skills to make sense of the
learning context from multiple angles. In this sercmputational thinking emerged as our
central construct for our assessment effort.

1.2 Computational Thinking

Computational Thinking (CT) was proposed by WingQ@) as a general term that “involves
solving problems, designing systems, and understgnduman behavior, by drawing on the
concepts fundamental to computer science.” It entiwhole set of mental tools that enable
people to reduce difficult problems into readilylvaible subtasks, represent problems
appropriately, interpret data, compose algorithivet are executable by a machine, and take
correctness, efficiency, and even aesthetics intwsideration when solving a problem. Wing
(2006) deemed CT as an essential skill that isbkskeed by the widespread application of
computing and computers, just as the 3 R’s (readiniging, and arithmetic) that were facilitated
by the advent of printing. Since CT has gained vadeency among scholars and practitioners,

! For more information about this platform, pleaster to_https://www.aldebaran.com/en/cool-robots/na
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it has been interpreted in many different wéAko, 2012; Barr & Stephenson, 2011; Cuny et al,
2010; Grover & Pea, 2013; National Research Council, 2010). For instance, Cuny et al. (2010)
argued, “CT is the thought processes involved imfdating problems and their solutions so that
the solutions are represented in a form that caeffeetively carried out by an information-
processing agent.” This definition is further siifiptl by Aho (2012) as formulating problems in
a way that could be solved by “computational stapd algorithms.” Barr and Stephenson
(2011), aiming to develop a way to define CT in Kskttings, argued that “CT is an approach to
solving problems in a way that can be implementéd & computer.” CSTA (2011) proposed an
operational definition of CT which dissects CT i@ dimensions: (1) formulating problems in
a way that machines can help to solve, (2) proogssata in a logical way, (3) representing data
abstractly, (4) algorithmizing the automated solusi, (5) solving problems in an efficient way,
and (6) transferring knowledge and skills in sodvmther problems. Diverse as these proposed
definitions are, CT in its essence entails at Idaiskking in a way that can be represented and
processed by machines to formulate and solve prabld-urthermore, beyond the growing
interest in CT in the research community, CT idecoming popular among K-9 educators
(Mannila et al., 2014).

1.3 Assess Computational Thinking

CT is the central construct we used to concepteia@ir assessment. Through the curriculum
we teach students how to program a robot to complettain tasks (e.g., problem solving in
terms of moving a robot) and examine their CT #bdiin this context. In our assessment we
stress the transfe(Bransford & Schwartz, 1999; Bransford et al, 2000; Haskell, 2001)
component of CSTAs definition: i.e., students ndeddemonstrate improved CT in solving
problems in other contexts, such as commandingr otfeehines to perform similar tasks, or
reasoning about everyday scenarios. The focusamsfer, we believe, is more aligned with a
broad interpretation of CT - a fundamental skill éveryone.

Existing work has often focused on assessing studesated artifacts for CT skills in a
variety of settings. For instance, Koh et al. (20déveloped a real-time CT assessment system
that stresses semantic analysis of student-cremterds or simulations and visualizes students’
learning in terms of CT patterns. With a commonuBon games, Werner et al. (2012) tested
students’ (10-14-year-olds) CT learning by impletiven three challenges in a 3D gaming
environment powered by Alice (http://www.alice.onglex.php) and examined several factors
(parental education, mother languages, high sclgoaties, etc.) and their relationships to
students’ CT performance. In the Scratch (httpgdtsh.mit.edu) platform, Seiter and Foreman
(2013) proposed a CT assessment framework and derated its efficacy by applying it to 150
Scratch projects done by students from grade omeigh six. Similar work was also done by
Brennan and Resnick (2012), who developed a framewmw analyze young Scratchers’ CT
development by looking into their artifacts. Fiyaltlosest to the current project, Bers et al.
(2014) evaluated children’s (4.9-6.5-year-olds)ten programs after each activity of their
curriculum to determine the students’ CT learniatigrns.

As shown in the above examples, the majority obting CT assessments focus more on
examining student products, after they have learaeghrticular programing platform. This
limitation prevents such assessment method fromgbesed as pre/post measure of a specific
curriculum. Furthermore, given an interpretation @T as a fundamental skill that can be
transferred across platforms, we should aim foesssent tools that apply across platforms.
This is especially important given the proliferatiof many coding and robotics platforms for the
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elementary level (e.g. Programmable Bricks, Creathybrid Environment for Robotic
Programming, VEX Robotics Design System, and Dashl)a need for assessment tools that cut
across platforms.

Given these goals, recent work by Tew and Guzd?8lll) on assessing introductory
computer science concepts is readily applicabl®@saciplatforms. Their work showed the
possibility of adopting a pseudo-code approachssessing programming and thus evaluating
pedagogical effectiveness of different courses.thieaumore, their work introduced a viable
process of developing and validating assessmemisitaf its kind. However, their assessment
was not designed for use in elementary school @hdat address the broader construct of CT,
which presents as a limitation when aiming to ustderd if students can transfer CT in different
contexts — a critical component that gives CT maicits currency. Another increasingly popular
tool to assess CT is Bebras, which pools multipiallenges composed of short tasks aiming to
promote informatics and CT among students of variage groups (Dagién& Stupuriene,
2016; Duncan & Bell, 2015). While Bebras shares our gafabssessing CT given students’
limited prior knowledge about computation, it dosst have a robotics focus. Given these
limitations, we developed a CT assessment instrurtigat targets elementary students and
minimizes the requirement of being familiar wittesfic computing platform.

Based on the operational definition of CT propase@STA (see section 1.2), which enjoys a
wide popularity from CS teachers as well as re$mas; we worked out a five-component
framework (Table 1) that guided our assessmentsitdevelopment. We did not include the
component on transfer from the CSTA framework beeaall of our items are designed for
transfer - either in the context of solving a peshlin a new coding environment that is not
covered in the curriculum or in the context of masg about everyday scenarios. Furthermore,
since fifth grade students have limited programmagerience, we used a pseudo-code
approach in the coding items with two forms of syntext-based and drag-drop.

Table 1
Computational thinking components.
S Formulating problems and solutions using machineoggizable
syntax

D Organizing and analyzindata
A Conceptualizing and generating solutions throwdgorithms (a
series of ordered steps)

R Representing problems and solutions through multiple external
means such as a model and a formula

E Generating, revising, and evaluating solutions witle goal of
achieving the mosefficient andeffective combination of steps and
resources

Given our design rationale, we have the followiegearch questions that guided this study:
What are the psychometric properties of the inséminwe develop assuming it measures one



Assess Computational Thinking 5

construct (i.e., CT)? How do students perform anabsessment in light of the CT dimensions in
our framework, in the two transfer contexts, andthe text-based and drag-drop coding
environments?

2. Methods
2.1 Robotics curriculum

We developed the robotics curriculum and implengtrnten a Title one public elementary
school in a southeast city in the United States. phfevided a three-day teacher professional
development workshop in summer before implemematwhich covered the basics of the
robotics platform and the major topics in the aurim. We then implemented this curriculum
for six month long starting in fall, with each wéglsession lasting for between 45 and 60
minutes. During the session, each student workedhisror her own laptop using the visual
programming platform. And due to the cost, only @hgsical robot was used. Thus, students
had to write the program and test it on a virtwdlat first, and then take turns to run their tested
programs on the physical robot. Except for theighiand final sessions, our curriculum was
organized around specific topics that are commohumanoid robotics, such as basic actions
(say words, waving hands, sit down, etc.), voi@®gaition, tactile sensors, walking motion, and
animation. Furthermore, several key computer sei@uncepts were introduced along the way,
such as algorithms, variables, conditionals, loggsial execution, and multitasking. Four mini
projects as well as a final project were includedhe curriculum. Designed to help students
make connections between robotics and everydapg®gtthese projects involved programming
the robot to carry out tasks such as conductingreversation, moving toward the destination,
and performing a dance.

2.2 Participants

The school enrolled in 767 students that y@&aender: 48.8% female and 51.2% male;
Ethnicity: 40.8% Black, 24.8% Hispanic, 23.1% Whi#e9% Asian, 0.4% Indian, and 4.0% two
or more ethnicities). Their entire fifth grade (Six classrooms; n=125) adopted the curriculum.
Due to different needs of each class, the teachadsthe autonomy in terms of curriculum
pacing and completion.

We administered the instrument described in thé sietisection in paper/pencil as a pretest in
early fall to all six fifth grade classrooms. Adbof 121 students took it. The test was not timed
and it took students about 20-50 minutes to fini&k.report the results of pretest from all the six
classes. We administered the posttest in Marcmenadass (Class I) with 22 students and the
same posttest in may in another class (Class th) 6 students. Again, the test was not timed. It
took the students about 30-60 minutes to finish.ovlg report the pre/post comparison for those
two classes in the paper (both classes were able to complete the curriculum; the other classes,
due to standardized testing and other technicakgswere not able to complete the curriculum
within the academic year). In both classes | anddth student was randomly assigned to one of
two forms targeting two different programming ewoviments (text-based or visual
programming; see the next subsection for details) in the preted the student took the same
form in the posttest.

2.3 Instrument and item design

Using our CT framework, we developed an instruntleat contains 23 items organized into 6
item sets. Among the items are 15 multiple-choigestjons and 8 open-ended questions. Table
2 shows the specific items for each component (titdé an item may target one or more CT
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components).
Table 2
Items targeting each CT component.
Component S D A R E
Explanation Students Students Students Students representStudents
answer the notice and come up with solutions in solve
guestion correctly use algorithm that multiple ways that problem in
using correct the data correctly are consistent with an efficient
syntax given in the solves the each other manner
question problem
Everyday 1.1-1.4 1.1-1.4 1314 1.2
scenarios 2.1-2.3 2.1-2.2 2.3
3.3 3.1-3.3 3.1-3.2
4.1-4.3 4.1-4.3 4.2-4.3
Robotics 55 5.1-54 5.3,5.5 5.2-55 55
programming 6.3, 6.5 6.1-6.3,6.5 6.3,6.5 6.1-6.2, 6.4

Two different CT problem contexts were incorporaite@ur assessment: everyday scenarios
(item sets 1-4) and robotics programming (item Sefg. The everyday scenarios include daily
activities that could both relate to CT skills amel relatable to our fifth grade students, such as
washing clothes (see Fig. 1 for an example) andgogiiven to school.

==Insert Figure 1 about here==

The robotics-programming items ask students to detnate their CT abilities using predefined
commands and syntax to program a robot or a roboticto accomplish certain tasks (see Fig. 2
for an example).

For items in the robotics-programming context, weher prepared two forms of predefined
programming languages (Fig. 2) while keeping pnoisleddentical: text-based programming
language (similar to most professional programmlagguages) and visual programming
language (or drag-drop programming, similar to &tra We made this arrangement since the
robotics course adopts a visual programming enmient. Different programing environments
might affect student’s understanding of certainosmts related to programming (Lewis, 2010),
and one of our aims was to examine whether studeoidd show differences in responding to
items that are text-based or visual programming.

==insert Fig. 2. about here==

The instrument was reviewed by the research tearanture the specific items address
relevant CT components, a computer science facoéignber to validate the computer science
content, and six fifth grade teachers to ensuredadability by their students. It was piloted by a
voluntary fifth grade student before it was adnigred as pretest.
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2.4 Scoring of the Assessment

The multiple-choice items were scored dichotomaugdlyfor correct and O for incorrect
responses. For the open-ended items, we develoged af coding rubrics in the following
manner. We first identified the CT components edeim was assessing and described the
expected performance with respect to each compolénthen constructed a three-level rubric
for each CT component of each item: A responsertia@thed the expected performance would
receive 2 points; a response that partially matched the expected performance would receive 1
point; and a response that did not match the expected performance would receive 0 point. We
also attached sample student responses in the tobfustrate the different levels. Fig. 3 shows
an example of the expected performance, the canelpg rubric, and student sample responses
for all the involving CT components of item 5.5.iFitem asks students to use given commands
to draw a shape that is most similar to a triangémilar to this one, many items corresponded
to several CT components and in those cases thaskl wwe multiple three-level rubrics for that
item, one rubric corresponding to each CT companent

== insert Fig. 3 about here==
== insert Fig. 4 about here==

After we developed the specific rubrics, two reskars coded all the open-ended items in the
pretest. Fig. 4 shows the iterative process of mmgunterrater reliability. In brief, the two rate
first sat together to rate a sample of 18 respottsde same item (the same component), trying
to reach agreement in coding upon the rubric. They rated another 18 responses separately. If
the inter-rater reliability (percentage of agreethesmached a consistency level higher than 85%,
then the two raters scored the remaining respoinsiependently after reaching agreement on
the different scores of the first 18 responsesth# inter-rater reliability did not reach the
expected consistency level of 85%, the two ratiess discussed the inconsistency and reached
agreement. Then they chose another sample of p8ness and repeated the process until the
inter-rater reliability reached the satisfactoryde The same raters sat together to code all the
collected posttests.

2.5 Statistical and Content Analyses

As the test contains six testlets, or item setsh{eeem set has multiple items which share a
common stimulus), the pretest results were analyradg a Rasch testlet model (Wang &
Wilson, 2005). This model is an extension of thenge Rasch model that takes into
consideration testlet effects and yields more geeestimations of test reliability as well as item
and person parameters. Testlet effect refers tcsithation when a few items share the same
context or stimuli, also called item stem. Thesamig become a testlet, where items are
correlated to some extent, and the possibilitynsfngering each item correctly is not independent
of the others. It is not appropriate to use a sarifgm Response Theory (IRT) model, as the
model assumes item local independence. Wainer anty\{2000) used traditional IRT model
and the testlet model to analyze 86 TOEFL itemsd, they found that the traditional approach
yielded biased item parameter estimates when iggahe testlet effect. In our analysis, six item
sets are grouped into six testlets correspondidgiyexisting IRT program, ConQuest (Wu et al.,
1998), was used for data calibration. Using stuslestimated abilities derived from the model,
appropriate inferential statistical tests (e.gest) were applied to determine the performance
between the two forms of tests (text-based and-drag) and among the six classes of students
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in pretest. Because of the small sample collestedsimply used total scores to run inferential
statistical tests for the pre/post comparison fier tivo focus classes and subgroups within each
class (e.g., students who had high and low preteses). We also examined student responses in
light of our CT framework to identify themes or fgaihs.

==insert Fig. 5 about here==
3. Results and Discussion

3.1 Pretest
In this section, we report results from the pretBsicall that all six classes took the pretest.

3.1.1 Psychometric properties and student performancepaosison

Overall, the instrument shows promising psychorogiroperties based on the pretest results.
The item difficulty level spans a wide range from911 to 1.269 in logit scale. Estimated
student abilities have a spread that matches #m difficulties very well on the scale (see
Wright Map in Fig. 5). The whole instrument hasEAP/PV reliability of 0.808 (analogous to
Cronbach alpha), meaning that to a satisfactorgréxthe instrument is measuring the same
construct. The person separation reliability of79,9indicating that the instrument does an
excellent job in ranking the students in the samplsording to the construct.

A two-tailed, two sample t-test shows that theres wa statistically significant performance
difference between the two groups who took the fovos of test, that is, text-based and visual
programming language (t(119)8.556, p=0.579; Table 3). Further t-tests for each item set also
revealed that students performed similarly ontadlitem sets including 5 and 6 (note only sets 5
and 6 have form variation). These results showatl students performance on this instrument
was not influenced by the drag-drop and text-baseting environments. This was expected as
the majority of the students in our study hadditdxperience in programming prior to our
curriculum and they were not sensitive to the cgdinvironments.

Table 3
Differences of estimated student abilities betwé#sn two forms (text-based and drag-drop)
based on the whole instrument as well as eachgttm

Mean Difference Std. Error Difference t df Sig.

Overall -0.097 0.174 -0.556 119 0.579
Item Set 1 0.087 0.061 1.422 119 0.158
Item Set 2 0.065 0.051 1.275 119 0.205
Item Set 3 -0.082 0.140 -0.584 119 0.560
Item Set 4 -0.117 0.069 -1.692 119 0.093
Item Set 5 0.047 0.131 0.362 119 0.718
Item Set 6 -0.136 0.077 -1.775 119 0.078

One-way ANOVA shows that the different classes piiform differently (F (120)=10.79,
Sig.=0.000). Further analyses showed that ClassHich had more high performing students,
outperformed all other classes. It also showed @ass | was among the lowest group. This
suggests that students’ CT is possibly relateti¢o general academic ability.
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3.1.2 Challenging Items

While examining specific student responses to iddial items in pretest, we found the
following themes. Students performed poorly on gatacessing (percentages correct are 4.1%,
14.1%, and 19.0%, for the data category of itenS 2.3, and 6.5).They may have either
overlooked or simply failed to integrate data the¢ otherwise essential to solve the problem.
For instance, Fig. 6 shows a student’s responseio 6.5, which involves programming the
robot to move between squares. This response stiatvsvhile the student both figured out the
correct algorithm and applied the given syntaxdiwesthe task, he or she did not apply a correct
number of steps (2 steps rather than 1, as givéimeiproblem statement) in order to command
the robot to move to the next square.

==insert Fig. 6 about here==

Also, students showed weaknesses in terms of N (the percentages correct on the
representation category of items 2.3, 5.5, andn@re 23.1%, 33.9%, and 28.1% respectively).
Item 2.3 showed that students had a problem ingusymbols to represent variables. Poor
performance on item 5.5 and 6.4 revealed that stadead difficulty both using representations
to express their solutions and interpreting givepresentations.

Students performed poorly on several items askiegntto come up with correct algorithms
as well (the percentages correct are 25.62%, 21.99%0, 9.1%, and 14.0% on items 4.2, 4.3,
5.5, 6.3, and 6.5). Among those items, low scoredéhand 4.3 might be due to students’
inability in identifying parallel execution structi(hence coming up with the correct algorithm).
Their even poorer performance on 5.5, 6.3, andsé&wed difficulties with the necessary
algorithmic thinking skill in organizing and ordeg problem solving steps correctly.

Although there were a number of students who were attending to given syntax, one
interesting observation drew our attention: Vialgtgiven syntax could actually represent good
CT, especially in coming up with creative and eweore efficient solution. For instance, item
5.5 (see Fig. 3), one of the most challenging iteneguired students to program the robotic arm
to draw a shape most similar to a triangle, whike given commands involved only vertical and
horizontal movements. While creating this item, @ped to see the correct solution as a
staircase shape with the expectation that somleeof twvould even use the “repeat” command to
improve the efficiency of their code. To our suspri several students came up with a creative
solution that broke the given syntax. Fig. 7 shdlat a student managed to draw two slanted
sides of a triangle by executing the two movememhmands simultaneously (i.e., move
vertically and horizontally at the same time), whactually could work. Although our current
framework does not accommodate creativity, we rezegthe algorithmic and efficient nature of
this solution and gave it a full score on thoseritgt but deducted a point on the syntax
component because the solution does not fully cpmith given syntax (please refer to Figs. 10
and 12 to see sample responses with correct sfmtalxis problem).

== insert Fig. 7 about here==

3.2 Pre/Post Test Comparison
In this section we report results from the pre/pommnparison in two classes. Given their

2 For open-ended items, percentage correct refatetpercentage for reaching level 2.
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different performances in the pretest (t(34.98)258, p<0.0001, d=-1.98), we report their
pre/post comparisons separately.

3.2.1 Student Gains

3.2.1.1Class |

In pretest, Class | was among the lowest perforrolagses. Table 4 lists a series of paired t-
test results. It shows that overall, student perforce improvement was statistically significant
(p=0.002) and the effect size was moderate (d=0.&Xamining the two contexts of
computational thinking application, we observeddstu gains more so in the robotics
programming context (d=0.76) than in the everydegsoning context (d=0.33). Comparing
student gains on the two forms, we did not seéstitdl difference (p=0.217).

We also compared the gains in total scores betweese who started with lower scores in
pretest (with scores ranging from 8 to 16; n=10) with those who started with higher scores in
pretest (scores ranging from 19 to 32; n=12). There was no statically significant difference
between the two groups (p=0.692). The result atddswhen only looking at scores in item sets
5 & 6 (p=0.849). This suggests that participationthe robotics curriculum benefited the
students who started high as well as those wheedtdow in Class |, on average, to the same
degree as observed in this instrument.

3.2.1.2 Class Il

In pretest, Class Il outperformed all other clasées Class Il (Table 4), paired t-test shows
that overall, student performance improvement wasssically significant (p=0.0008) and the
effect size was large (d=0.97). Just as Classuldesit gains were greater in the robotics
programming context (d=0.73) than in the everydagsoning context (d=0.69). No statistical
difference was found for student gains on the tarank p=0.755).

By comparing the gains in total scores betweendhdso started with lower scores in pretest
(with scores below or equal to 31; n=8) with those who started with higher scores in gstt
(scors above 31; n=7), we saw no statically significant difference voe¢n the two groups
(p=0.198). The result also holds when only lookatgcores in item sets 5 & 6 (p=0.518). This
suggests that similar to Class | students, thase fClass Il with varied pretest scores gain to the
same degree on average.

Table 4
Multiple paired t-test results of the two focussdas
Tests Class | Class Il
t p Effect |t p Effect
size (d) size (d)

Overall gail -3.14C | 0.002* | 0.67 -3.86¢ | 0.0008° | 0.97
Gain on robotics programmir -3.562 | 0.001* | 0.7¢ -2.901 | 0.0005° | 0.7<
(item sets 5&6)
Gain on everyday reasonil -1.56C | 0.067 | 0.3: -2.74¢ | 0.008* | 0.6¢
(item sets 1-4)
Form A vs Form | 1.27¢ | 0.21 -- 0.33¢ | 0.75¢ --
Lower vs higher score grot -0.40: | 0.69z | -- -1.355 | 0.19¢ -
(overall)
Lower vs higher scorgroup -0.19¢ | 0.84¢ | -- -0.66< | 0.51¢ -
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| (item sets 5&€ | | | | | | |
* Numbers with a “*” refer to results that are s$#itally significant at an alpha level of 0.05 or
higher.

In the following, we show several examples to tlate areas where students improved in
light of our CT framework.

3.2.2 Examples of Student Improvement or Lack thereRbinotics Programming

Many students improved the ways in which they fdateia solution using given syntax. Fig.
8 shows a student’s response to the same problem @.3, see Fig. 2) in the pretest (top) and
the posttest (bottom). This student used naturajuage to describe his or her algorithm in the
pretest as opposed to given commands to formulaterther solution in the posttest. This kind
of improvement was also common in the text-baselihgoenvironment papers.

== insert Fig. 8 about here ==

We also witnessed a few cases where students sooplgd the commands they learned from
the robotics programming environment, while igngrihhe given commands in the test items.
For instance, a student used a box “sit down” Wa$ not provided in the item, but had been
used in the curriculum. This is both negative aoditpve since for one thing, students who did
so began to use syntactically meaningful repretientsato solve the problem, but for another,
they were incorrectly applying what they had ledrfrem the curriculum to a new context that
uses a different syntax.

In general, students in both classes did not imgpioverms of data processing. Fig. 9 shows
one of the rare cases where a student changedpiretest (top) to posttest (bottom), developing
the sense of attending to the quantitative informmagiven in the problem by including the
specific steps that the robot needed to walk tomptish the task.

==insert Fig. 9 about here==

Students did show much gain in representation &utithmic thinking. In the pretest, many
students, possibly daunted by their lack of prioogpamming experience, either simply left
some open-ended questions blank or wrote irrelewdiormation. Many of these students
showed obvious gains in scores on the same itentiseiposttest. Fig. 10 showed a student’s
correct solution of item 5.5 in the posttest, amelsame student did not say anything in his or her
pretest. Given the nature of blank or irrelevargvegrs in the pretest, it is difficult to infer from
pre/posttest comparison that a student improveterms of which CT component. However,
repeated observations of this common pattern stigbas students who performed better in
either organizing or representing algorithms.

==insert Fig. 10 about here==

As discussed previously in section 3.1.2, we knbat the students might have difficulty in
understanding parallel execution. Fig. 11 showsitti@ovement of a student’s response from
pretest (top) to posttest (bottom) to item 6.3 (B&ge 2 for the first half of the item). This
difference in how they answered the question suggedetter understanding of executing the
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turning action and the say action in a parallecpssing structure rather than executing them in a
serial manner (the posttest response also showg@wement in the syntax aspect, including the
added “start” and “end” commands and the commaedgwrapped in boxes).

==insert Fig. 11 about here==

Fig. 12 shows another student’s pretest (top) asttgst (bottom) comparison in solving item
5.5. The comparison showed clearly improvementdding efficiency as in the posttest the
student used the command “repeat” to avoid redundan

== insert Fig. 12 about here ==

3.2.3 Student Improvement in Everyday Reasoning

Apart from significant gains in the coding contéixém sets 5-6), the students from the two
classes gained differently in the everyday reagpoontext (item sets 4:-see Table 4): The
students from Class Il gained about the same deqgréee everyday reasoning context as in the
programming context whereas those from Class | galged a moderate degree in the everyday
reasoning context.

By mapping our CT framework on the responses asvisha table 5, we could see that
students gained differently on different dimensifth& syntax component was not present since
syntax was simply not applied in everyday scenarids be specific, both classes gained
significantly in terms of algorithm. Class | hadstatistically significant gain on efficiency and
Class Il on data.

Table 5
Multiple paired t-test results of two classes imte everyday reasoning
Tests Class | Class Il
t p Effect |t p Effect
size (d) size (d)

Gain on Dat -0.09: | 0.46¢ | 0.0Z -2.98¢ | 0.005 | 0.7¢
Gain on Representati -0.29¢ | 0.38¢ 0.07 0.56f | 0.71( 0.1¢
Gain onAlgorithm -2.15¢ | 0.022" | 0.4¢ -2.76€ | 0.007" | 0.6¢
Gain on Efficienc -1.78¢ | 0.045" | 0.4C -1.657 | 0.06( 0.41

* Numbers with a “*” refer to results that are st#itally significant at an alpha level of 0.05 or
higher.

Fig. 13 shows a student’'s improvement in comingmitp a feasible algorithm in solving an
everyday reasoning problem in the posttest. Theesstadent overloaded one washing machine
in the pretest, which resulted in a wrong workitayf of solving the problem. The right side of
the equations given in both pre/posttest in Figsiidws another student’s realization of using a
letter ‘'n’ to represent the variable nature of #rswer in the posttest as opposed to writing a
specific number in the pretest. This is importante it requires a certain level of abstraction
skills.

== insert Fig. 13 about here ==
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== insert Fig. 14 about here ==

3.2.4 Summary and implication

Our analyses showed that the instrument we develbpe good psychometric properties.
Overall, the instrument was consistent in measuong core construct and it was able to
differentiate the fifth grade students’ abilitiggresumably, in CT. The results revealed that
students performed similarly on the two forms (ddagp versus text-based) in pretest. Our
pre/post comparison of two classes showed thatrdbetics curriculum did help improve
students’ CT, especially in the context of roboppesgramming. We also presented examples of
student improvement in light of our CT frameworlurthermore, the results showed that the
curriculum helped those who started low as mucthase who started high, and the gains were
not dependent on the forms of test they took. Pdtreng evidence showed that students as
young as % graders could manage to grasp CT to some degrdenied results revealed some
promise for young children using CT to reason edayyscenarios. Yet, our results suggest the
need to strength our robotics curriculum to bettailitate (and also revise and refine our
instrument to better evaluate) students’ develograe@T, especially in the following aspects.

Across all CT components, our students, even iir fhesttest, had difficulties following a
given syntax. One possible explanation is thathim tisual programming environment used in
this curriculum, the syntax aspect is not as olwias it is in other more syntactically strict
languages (Java, C, etc.). Given the importancgyatiax in programming, this result highlights
the need for further emphasis on correct syntax.alse noticed that in the pre/posttest, some
students came up with creative and unexpected itdgw by sacrificing the correctness of
syntax. We recognize that such solutions could workprogramming a real robot (and even
more efficient than the other way around). Addisitlyy our assessment does fortunately
accommodate such possibilities. Recognition ofehagorithms raises a subsequent question,
how to code creative answers? Such creative ansegersconflict with other established
components of CT, yet they can be beneficial ardlig encouraged in the curriculum.

Data processing is an important aspect of CT, tyest difficult to isolate. Our current items
targeting the data component are either intertwimetth other aspects in multiple-choice
guestions or assessing students’ sensitivity ta data surface level. In our future version we
need to come up with items that measure data pwogeskills at a deep level. Based on our
observation, many students could not even sucdbssieal with data on its superficial level.
This may reflect a weakness in our curriculum, \Wwhaid not explicitly address data at the
conceptual level.

Algorithmic thinking is a core ingredient of CT,&mwas difficult for our students. According
to our pretest data, the fifth graders usually gfock on items that are related to algorithm,
especially on those involving parallel executiorithAugh we observed student gains in those
items in the posttest, it is still unclear thatwbat extent did our curriculum factor into the
achieved improvement due to the relatively smatiga size.

Finally, it is important to improve the connectiobgtween the robotics programming
environment and everyday reasoning in our curritculBased on the pre/posttest comparison,
students overall did not gain as much in dealinthv@T applied to everyday life as that to
programming robotics. Transfer is knowingly diffic(Bransford & Schwartz, 1999). However,
by looking at student performance at the classl|@re class (Class 1l) improved significantly,
while the other (Class I) only moderately. Alsottbalasses improved on different dimensions
(Class | improved on algorithm and efficiency, wées Class Il on data and algorithm with
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different significance levels). This shows thatngfer is a complex process that is possibly
related to multiple factors such as student vanetiand differences in instruction. Our next steps
could incorporate more coding examples connectesv&syday reasoning and ask students to
reframe everyday tasks to coding problems.

4. Limitation

Our work has several limitations. First, we constied our instrument with an emphasis on
robotics programming. Others who wish to use ortlgy a similar instrument need to consider
their own programming context. Also, it was notilaty clear to us how the individual lessons
within our curriculum helped improve (or not) sdeciaspects of CT. Future work will draw
more detailed connections between the CT dimensiadsparticular lessons. A related question
is whether students are learning CT in their regiifidn grade instruction and the potential issue
of test/retest effect, and a control group in fatimplementations may address these concerns.
Furthermore, additional issues raised by the ctstncture and content of our assessment may
possibly influence the quality of students’ resmmsFor example, there may have been
linguistic and reading challenges associated viighassessment. Another factor is test fatigue as
it took some students up to an hour to completéinally, we acknowledge that we had a small
sample size (especially, we only had two focusselagor the pre/post comparison) and all of the
students were drawn from one school site.

5. Conclusion

Taking steps towards developing a valid and re#aipistrument to measure elementary
students’ CT is challenging. First, there is a latkconsensus in the field in terms of CT
definition. Many versions of CT definitions are wv&gat the best. This poses a significant barrier
to the operationalization of CT in concrete assesdgntems. Second, many elementary students
have limited programming experience. This createsead for an instrument that can be
administered as pre/posttest and can apply acifissedt programming platforms. Our work,
pilot in its scope, can contribute to the fieldseveral ways. We developed an instrument on CT
based on operationalizable components of a CT frarle We developed specific coding
rubrics for each item based on each componenteofrémework. Also, our instrument used two
contexts (robotics programming and everyday reagpnio assess students’ CT application,
which sheds light on the near and far transfer@speCT. This is critically important as CT is a
valuable skill for all learners, may apply to dagyoblem-solving activities, and may apply to
many other STEM learning areas.
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Figure 1. Sample item in the everyday scenario.

1.2 (Information from the stem of the item set: Y ou are running 4 loads of
laundry in afast washing machine and each load of clothes takes 10
minutes to run) If you have 2 washing machines that can work
simultaneoudly (i.e., at the sametime), how long will it take to run al the
loads?

A. 10 minutes
B. 20 minutes
C. 30 minutes
D. 40 minutes




Figure 2. Two forms of robotics-programming commands (bottom |eft: text-based; bottom right:
drag-drop) in the same problem (top); The rest of the problem prompts the studentsto write a
code sequence so that the robot walks a certain path (see Fig. 11).

6.3 The team is experimenting with having the robot to
do multiple things at the same time. For example, the
following code makes the robot walk while saying
something at the same time:

Walk
->Start. 5
->Walk 5. [And] ->Say.... Start End
—>
Say

->End.




Figure 3. Rubric sample for CT components of itef) @hich asks students to generate and
explain a code sequence to have a robotic armatw drshape most similar to a triangle using
the given commands that can only draw straighsline
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Figure 4. The iterative process of coding open-ended items.
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Figure 5. Map of latent distributions and respomeelel parameter estimates: The Y-axis is in
logit scale; each X’ represent ‘1.4’ students; fingt column represents the distribution of
student abilities based on the whole instrumemtnixt six columns represent the distribution of
student abilities based on each test set; thedtdsinn indicates the distribution of the difficulty
levels of each item.

X
X
2 X
X X X
X X X X X
XX X X X X
X X XX X X X
XK XK XX X X X|¥3.3.d
XX XK X X XK XX X
1 XX XX XK XX XX XX XX |[¥2.3.d X3.3.a ¥5.5.a
XX 80,4 X 0,444 X X XX |¥4.3
XX 00X e84 XX XX 00X XWX |¥4.2 X5.5.e X6.3.a X6.5.d
XO0H | XOCC00H | XO0000H 8,44 00O p0.0.4:4 XOOX|X1.3 ¥5.3 X6.4.r X6.5.f
X0 X000 | 3000000 K00 000 WO | 0000 (X2.3.r X6.5.a
Je..4:4 000K | X0C0000K | 00000 X000 | XCO0OH(X1.4 X5.5.f X¥5.5.r X6.3.f
0 X000 00X | X00000H 444 X000 000K | X0C000K((X5.2 X6.3.d
X | 000000 | 00000 K00 000 X000 | XCO0O{(¥3.1.a X3.2.a X5.4
0| X00CC0000C0000000N 00| 300000 0| 000000 (X6, 2
X000 p 00,04 p0.0.60. X000 000 WO | X000000 (X4, 1
48,844 X0 40,64 K00 X000 0| 0000 (X6, 1
XK XX p0.0.4:4 X P 00,04 p0.0.4:4 X0
4,444 XX XX X XX XX KO ¥5. 1
-1 XX 0.4 X X X XK XK|X1. 2
XX XX X X XX XX X
X X X XX X X X
X X X XK X XK|¥2. 1
X X X X X ¥2.2
X X X
X X X X ¥L.1
X X
X X X
X




ACCEPTED MANUSCRIPT

Figure 6. Sample student answer that did not integrate data correctly
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Figure 7. One example of creative solution to item 5.5
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Figure 8. Improvement in formulation of solution to item 6. 3 using given syntax from pretest
(top) to posttest (bottom) from the same student.
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Figure 9. Improvement in data processing from pretest (top) to posttest (bottom) for the same
student.
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Figure 10. Student who left item 5.5 blank in the pretest answered the same item correctly in the

.
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Figure 11. Improvement in applying simultaneous execution algorithm to item 6.3 from pretest
(top) to posttest (bottom) from the same student.

Write a code sequence so that the robot walks the path shown below, but also says

something while tarning.
I }lﬂ-nqu
1! steps

L,
Ughﬂl}fﬁﬂ%?‘j-ﬂ o = End

Write a code sequence so that the robot walks the path shown below, but also says

something while turming.
| } 10 steps

g =
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Figure 12. Improvement in efficiency of code from pretest (top) to posttest (bottom) from the
same student.
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Figure 13. Improvement in algorithm in an everyday scenario from pretest (top) to posttest
(bottom) from the same student.

Yours Your sibling’s Your parents’
s as 4
Pl P2 P3 P4 Ps~  P6

3.1. If the dark and light clothes cannot be mixed and your machine holds one pile of
laundry at a time. Also, you want to use the fewest rounds possible. The table below is a
loading plan your sibling came up with. Does this plan meet all the conditions? If yes, go to
the next question; if not, write down your loading plan using the blank row.

Round 1 2 3 4 5 6
Your sibling’s plan P1 P2 P3, P4 P5 P6
Your plan 0L Da w3l U

Y

3.2. What if you have 2 washing machines that can run simultaneously. All other conditions
still apply: the dark and light clothes cannot be mixed; each machine holds one pile of

laundry at a time; use the fewest rounds ble. Fill out the loa table below.
Round 1 2 3 4 5 6
Machine1 | Vv O

Machine2 [V Vo U | VD

3.1. If the dark and light clothes cannot be mixed and your machine holds one pile ot
laundry at a time. Also, you want to use the fewest rounds possible. The table below is a
loading plan your sibling came up with. Does this plan meet all the conditions? If yes, go to
the next question; if not, write down your loading plan using the blank row.

Round 1 2 3 4 5 6
Your sibling’s plan P1 P2 P3, P4 P5 Pé6
Your plan KA R Y

3.2. What if you have 2 washing machines that can run simultaneously. All other conditions
still apply: the dark and light clothes cannot be mixed; each machine holds one pile of
laundry at a time; use the fewest rounds possible. Fill out the loading plan table below.
Round 1 2 3 4 S 6
Machine1 | P4, 90 P<

Machine 2 ‘}L;Q\ e\
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Figure 14. Improvement in representation in an everyday scenario from pretest (top) to posttest
(bottom) from the same student.

2.3. Please write a formula or equation for the total wait time in a situation in which there
is exactly 1 construction site, the number of stop signs is unknown, and the number of
traffic lights is unknown. Use “SS” to signify the unknown number of stop signs, and use
“TL" to signify the unknown number of traffic lights.

O 1S 7L = Qua

2.3. Please write a formula or equation for the total wait time in a situation in which there
is exactly 1 construction site, the number of stop signs is unknown, and the number of
traffic lights is unknown. Use "$5” to signify the unknown number of stop signs, and use
“TL" to signify the unknown number of traffic lights.

5+551TL=1
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