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Abstract

Advancements in science and engineering have driven innovation in the United States for

more than two centuries. The last several decades have brought to the forefront the importance of

such innovation to our domestic and global economies. To continue to succeed in this information-

based, technologically advanced society, we must ensure that the next generation of students are

developing computational thinking skills beyond what was acceptable in past years. Computational

thinking represents a collection of structured problem solving skills that cross-cut educational disci-

plines. There is significant future value in introducing these skills as early as practical in students’

academic careers. Over the past four years, we have developed, piloted, and evaluated a series of

outreach modules designed to introduce fundamental computing concepts to young learners. Each

module is based on a small embedded device —a “serious toy”— designed to simultaneously engage

visual, auditory, and kinesthetic learners through lectures, visual demonstrations, and hands-on ac-

tivities. We have piloted these modules with more than 770 students, and the evaluation results

show that the program is having a positive impact. The evaluation instruments for our pilots consist

of pre- and post-attitudinal surveys and pre- and post-quizzes. The surveys are designed to assess

student attitudes toward computer science and student self-efficacy with respect to the material cov-

ered. The quizzes are designed to assess students’ content understanding. In this dissertation, we

describe the modules and associated serious toys. We also describe the module evaluation methods,

the pilot groups, and the results for each pilot study.
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Chapter 1

Introduction

Over the last several decades, computing technology has become fundamental to society’s

growth and economic expansion. According to a recent report published by the U.S. Congress Joint

Economic Committee [22], at least half of the country’s economic growth is attributed to techno-

logical advances, with concomitant growth in STEM-related jobs. However, the U.S. ranks 27th

out of 30 industrialized countries in the percentage of STEM bachelor degrees awarded. Numerous

computing-related outreach programs have been developed to address the shortfall of computing

degrees in the US [28,50,60,86,96]. These efforts have had an impact. According to the most recent

Taulbee Survey [97], the number of bachelor degrees awarded in Computer Science (CS) in the U.S.

experienced increases for three consecutive years, beginning in the 2009-2010 academic year. This

is encouraging news. However, considering that undergraduate CS degrees awarded during the first

decade of this century decreased by more than 50% [97], coupled with the 24% projected growth in

computer-related jobs by 2020 [15], there is still a potential shortfall in the domestic labor market.

While a CS degree is not for all students, rapid technological advances demand that every

student be introduced to computing at some level, because daily lives of most will be heavily influ-

enced by computing [7]. Therefore, computer science educators must find new ways to reach out to

potential CS recruits, as well as introduce students to computational skills.

1



1.1 Problem Statement

Structured education begins with the K-12 curriculum. For more than three decades, the

third grade has been recognized as a milestone year in gauging students’ future academic success.

Reading comprehension has been a focal point. A recent national study commissioned by the Annie

E. Casey Foundation [40, 70] reports that students who lag behind in reading performance at the

end of the third grade are four times less likely to earn a high school diploma. Those with the lowest

reading performance are six times less likely to earn a diploma. The explanation for this trend is

simple: Third grade marks a transition from “learning to read” to “reading to learn”. Reading

comprehension skills are assumed in subsequent grades, and independent learning outside of the

classroom is emphasized.

We posit a connection between reading comprehension skills and computational thinking

skills. As early as kindergarten, many students begin to use computers in their classrooms. As

they progress to more advanced grades, computers become essential tools to facilitate learning. But

the importance of computing does not end there; computing is more than learning to use a com-

puter. Computational thinking represents a discipline of structured problem solving, encompassing

skills that are broadly useful to students throughout their academic careers [93]. As the academic

challenges students encounter become progressively more complex, students who possess strong com-

putational thinking skills are likely to outperform those who do not. It is safe to assume that there

is a “pivot year”, similar to the reading comprehension scenario, where these skills become essential

to more advanced learning. While there is no evidence available to identify the particular year when

this occurs, it would be prudent to introduce computational thinking as early as practical in the

K-12 curriculum.

In this dissertation, we set out to investigate a new approach to teaching CS concepts with

tailored curriculum modules and embedded computing manipulatives. The results are expected to be

broadly applicable across topic areas within computing. We focus on three in this initial exploration,

selected because they are among the most important computing concepts today.

1.2 Approach

In the United States, computing curriculum is virtually nonexistent in the K-12 system [91].

To address this deficiency, we have developed a new teaching approach based on the use of tailored
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curriculum content and supporting embedded manipulatives designed to teach focused computing

concepts. The approach targets pre-colligiate students using focused instructional outreach sessions.

The instructional style is designed to simultaneously engage visual, auditory, and kinesthetic learners

through lectures, visual demonstrations, and hands-on activities. The approach is designed to be

broadly applicable across concepts and topic areas. However, we have selected three specific topics

which have been identified as being difficult to teach and learn, or which are particularly relevant

to modern computing applications.

The first module introduces the fundamentals of the binary number system. The second

is focused on networks, protocols, and algorithms. The third centers on sensors, sensor networks,

and their significance in today’s society. Although the modules are designed to enable incremental,

independent adoption, together they form a coherent thread of instruction.

1.2.1 Modules

We present curriculum modules covering (i) binary number systems; (ii) networks, protocols,

and algorithms; and (iii) sensors and sensor networks.

Module 1 – The Binary Number System. Binary is one of the first topics introduced in

the undergraduate curriculum because it is fundamental to so many subsequent topic areas. Profi-

ciency in binary arithmetic is a requisite skill in the study of computer architecture, data storage,

networking, and myriad other content areas.

Unfortunately, the binary number system is a subject that is often laborious to teach and

learn. A number of experience reports note disproportionately low student engagement and satisfac-

tion when compared to other topics [31, 50]. Motivating young learners to learn the binary number

system is often more difficult than motivating students to learn robotics or computer graphics. Top-

ics like robotics and computer graphics have a strong visual component and naturally appeal to

visual learners. Similarly, these topics lend themselves to hands-on activities that provide immedi-

ate visual and/or tactile feedback, appealing to kinesthetic learners. Traditionally, modules to teach

binary conversion and arithmetic lack both visual and kinesthetic appeal, resulting in student and

teacher disinterest in a subject that is fundamental to computing.

To introduce the binary number system in the K-12 curriculum, we have developed a cur-

riculum module designed to appeal to all students, regardless of their preferred learning styles:

3



visual, auditory, or kinesthetic. The module begins with a review of the base-10 number system.

Using ten fingers, we illustrate that base-10 can represent 9 objects before a new digit column must

be added. We further illustrate that ten groups of ten objects require a third column to be added,

and so on. Using this same illustration, we introduce the concept of binary, including the process of

converting decimal numbers to binary numbers and vice-versa, as well as binary arithmetic. Next,

we introduce students to the “serious toy”, providing them conversion, addition, and subtraction

problems to solve using the toy. We conclude with a discussion on the importance of the binary

number system in computer science. The primary learning objectives for this module call for stu-

dents (i) to learn to convert decimal numbers to binary numbers and vice-versa; (ii) to learn to add

two binary numbers of arbitrary length; (iii) to learn to subtract two binary numbers of arbitrary

length; (iv) to understand the relevance of binary numbers to computer science; and (v) to learn to

apply the concepts learned to number systems of arbitrary bases.

According to the National Council of Teachers of Mathematics [66], number systems should

be introduced to students as early as kindergarten. Similarly, K-12 curriculum recommendations

published by the Computer Science Teachers Association [87] include an introduction to binary

number concepts for students as young as K-3. Their report indicates that by the end of grade nine,

all students should have a basic understanding of binary numbers and their importance to computer

science. Our module provides an effective means to achieve these goals.

Module 2 – Networks, Protocols, and Algorithms. Networking concepts have been ubiqui-

tous, if only implicitly, for centuries. The human body is a network of organs that must coordinate

to survive. The postal service is an example of a network that connects individuals world-wide.

Today, networks play an important role in computing — from networks of sensors collecting and

recording data, to social networks, to the most complex (non-organic) network of all, the Internet.

Like the postal service, the Internet connects people throughout the world, providing a fast and

efficient gateway for data transmission as well as face-to-face communication.

Observing the importance of networking concepts in computing, we have developed a cur-

riculum module designed to introduce pre-collegiate students to the fundamentals of networks, pro-

tocols, and algorithms. We begin the module by defining a network as a group of communicating

entities. We then ask students to identify familiar networks (e.g., family, friends, and social net-

works). To prompt students to consider how a network operates to deliver information, we ask

4



students to suggest a network that connects people world-wide. As expected, students most often

suggest the Postal Service and the Internet. We then provide a comparison of the delivery of mail

through the Postal Service with the delivery of email through the Internet. During this discussion,

we define a protocol as a set of rules. Again, using the post office as an example, we discuss the

importance of postal workers following specified protocols to assure the delivery of mail. We then

relate these concepts to the delivery of email. Next, we define algorithms as a clear set of instructions

and invite students to discuss the steps necessary to complete a specific task, such as programming

a washing machine to wash a load of clothes, or baking a cake. Using these examples allows us to

relate the importance of following step-by-step instructions. We illustrate how the instructions in a

program must often be completed in a specific order — a washing machine cannot process a spin

cycle before adding water. We also illustrate how some steps can be performed in multiple ways,

without concern for operation ordering — adding milk to cake batter before adding eggs is perfectly

acceptable.

Students are next given a set of the “serious toys” developed for this module and instructed

how to connect them to form a network. As a demonstration of network robustness, students are

encouraged to add and delete nodes from the network. Students are then introduced to a network

of sensor nodes and allowed to interact with the sensors. Through the use of a desktop application,

students are able to visualize the sensor data being collected and communicated. Finally, students

participate in a game designed to demonstrate the importance of giving a robot concise, step-by-step

instructions — an algorithm. The primary learning objectives for this module call for students (i)

to understand the definitions of a network, a protocol, and an algorithm; (ii) to understand how

networks, protocols, and algorithms are related; and (iii) to understand the relevance of networks,

protocols, and algorithms in computer science.

As infants, we instinctively know how to communicate our needs for basic necessities. As

we mature, we become part of various personal and professional networks, where we intuitively learn

and adapt to the proper communication protocols for each network. Just as networks and protocols

are common aspects of our daily lives, they are also important to many aspects of computing.

Considering the rapid advancements in computing technology and a growing reliance on the Internet,

young learners should have a basic understanding of computer networks, protocols, and algorithms.

This module offers an effective means of teaching students the basics of these concepts.
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Module 3 – Sensors and Sensor Networks. The use of sensors has become pervasive in many

aspects of our daily lives. Virtually all appliances in our homes, businesses, and schools include

one or more sensors. Networks of sensors are used in applications spanning home and medical

monitoring [8,43], data collection for the military [33,49], and environmental management [29]. Just

as the human body is a network of organs, it is also a network of sensors. To name a few, the human

eye reacts to changes in light, the ear to vibrations, and the nose to vapors.

Recognizing the importance of sensors and building on the Networks, Protocols, and Al-

gorithms module, we developed a module to introduce students to sensors and sensor networks.

Motivating students to consider various sensors, we begin by asking them to identify familiar sen-

sors, and then discussing these sensors and their associated uses — namely, to measure physical

or environmental conditions. To communicate the importance of sensors, we discuss various types

of sensors, networks of sensors, and how their applications continue to improve the quality of our

daily lives. One sensor we discuss is a passive infrared (PIR) motion sensor. We discuss common

applications of PIR sensors, and then present a demonstration of a PIR motion sensor connected

to an LCD display that provides a count of the number of times the sensor detects motion. Next,

we assist students in making a basic moisture sensor, as adapted from [14]. Finally, using a set of

MoteStacks [29], we assist students in testing their moisture sensors. Students observe data being

collected from their sensors using a web-based application. This exercise allows each student to

compare the readings of her homemade sensor with those of other classmates, and to discuss expla-

nations for anomalies in their observations. The learning objectives for this module call for students

(i) to have a basic understanding of how sensors work, (ii) to understand the construction of basic

sensors, (iii) to be familiar with various types of sensors, and (iv) to understand the relevance of

sensors and sensor networks in computer science.

A significant recent thrust in computing centers on solving “real world” problems. Many

such problems involve sensors. In any given day, we typically encounter numerous sensors. Un-

derstanding sensing concepts allows us to recognize that the automatic door at the supermarket

opens due, in part, to a sensor, and that every sound we hear is the result of an internal sensor.

In addition to recognition, having a basic understanding of how sensors work provides students the

knowledge needed to reason about what change was detected when the automatic door opened,

or how a car automatically identifies the need to activate the passenger-side airbag. This module

provides students with a basic understanding of sensors and networks of sensors.
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Combined Program. Three curriculum modules were designed to enable incremental, indepen-

dent adoption. However, when combined they form a coherent thread of instruction. When presented

in the order outlined above, the latter modules build on the former. As an example, the discussion

on the process of sending an email presented in the Networks, Protocols, and Algorithms module

allows us to reiterate the importance of binary numbers in computing. Presented as part of the Sen-

sors and Sensor Networks module discussion and demonstration of networked sensors, we are able

to further reinforce the concepts covered in the Binary Number System and Networks, Protocols,

and Algorithms modules. As an example, we remind students that data from a sensor is ultimately

stored on a computer using a sequence of 0’s and 1’s. We revisit the definitions of networks, proto-

cols, and algorithms. We also reiterate the importance of binary numbers, networks, protocols, and

algorithms in CS.

Our experimentation shows that each of the above modules has had a positive impact on

student interest in computer science. The modules are designed to enable content understanding in

at least the first three categories of Bloom’s Taxonomy of Educational Objectives [11]: i) knowledge,

ii) comprehension, iii) application, iv) analysis, v) synthesis, and vi) evaluation. Indeed, for each

module, students often exhibited understanding beyond the first three categories.

1.3 Pilot Groups

The pilot groups were chosen from local middle and high schools, as well as students par-

ticipating in summer outreach programs at Clemson University. The target groups were students

perceived to be of average ability within their respective programs.

The (i) Binary Number System (BNS); (ii) Networks, Protocols, and Algorithms (NPA);

and (iii) Sensor and Sensor Networks (SSN) modules were individually piloted with over 500 students

— six groups of high school students, and eleven groups of middle school students. Five of the high

school groups were participants in a summer program sponsored by Clemson University. The sixth

high school group consisted of students from a local high school statistics class. All high school

students were juniors and seniors. The middle school groups consisted of students from two local

middle schools. One participating school provided six groups, consisting of two classes each of sixth,

seventh, and eighth grade students. The second participating school provided five single-gendered

groups, consisting of four classes of seventh, and one class of eighth grade students. Two of the
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seventh grade classes were all females; the remaining classes were all males. The combined program

was piloted with approximately 270 students — eleven groups from two local middle schools, and

one group from a local high school. The first middle school pilot group consisted of two classes

each of sixth, seventh, and eighth grade students. The second middle school pilot group consisted

of five single-gendered classes, two groups of sixth grade boys, and one each of seventh grade boys,

sixth grade girls, and seventh grade girls. The high school group consisted of eighth, ninth, and

tenth grade students. Overall, the work presented in this dissertation impacted approximately 770

students, spanning grades sixth through twelfth.

1.4 Evaluation

Each pilot was evaluated using pre- and post-surveys, as well as content quizzes. The surveys

consisted of Likert-style statements designed to evaluate students’ attitudes toward computer science,

and students’ self-efficacy with respect to the material presented. To determine students’ content

understanding, we administered pre- and post-quizzes consisting of true/false, multiple choice, and

fill-in-the-blank questions. In each pilot, statistical analysis was completed to determine if there

was a significant change in the pre- and post data. The preliminary evaluations showed mostly

positive results. In addition to the individual pilots, we piloted and evaluated the three modules as

a combined unit of instruction. The evaluation instruments again consisted of pre- and post-surveys

and pre- and post-quizzes, with additional module-specific quizzes introduced after the completion

of each module.

The evaluation results are largely positive. One particularly exciting outcome is that the

proposed teaching approach, focused on serious toys, applies equally well both to high performers

and low performers. This is detailed in the evaluation results for our pilot studies.

1.5 Novelty

The work presented in this dissertation describes a novel approach to introducing computer

science concepts to pre-collegiate students. While numerous programs have been developed to in-

troduce young learners to computer science, e.g., [10,60,76,86], there are few that focus on specific

computer science concepts. Many concentrate on teaching programming using a range of program-

ming environments. The work described here involves curriculum modules designed to introduce
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students to specific computer science concepts, not just programming. Further, the approach itself

is novel. Each module relies on a digital manipulative1 –a serious toy– to reinforce the concept

being taught. Manipulatives have been used in the classroom since Friedrich Froebel founded the

“children’s garden,” better known as “kindergarten” in 1837. Froebel provided his students with a

set of “gifts” –balls, blocks, and sticks– to encourage learning through playing [74, 92]. There are

numerous programs that use platforms such as computers, tablets, video games, and mobile devices,

to introduce computer science to pre-collegiate students, e.g., [16, 25, 59, 77]. There are also pro-

grams designed to teach a range of STEM technologies that rely on digital manipulatives, including,

Lego®NXT [3], Makey Makey® [82,85], LittleBits® [9,42], and Blockuit [71]. The component that

makes this program unique is that we tightly integrate our curriculum modules, which teach specific

CS concepts, with digital manipulatives designed specifically to support the curriculum module.

1.6 Dissertation Organization

The remainder of the dissertation is organized as follows. Chapter 2 describes the The Bi-

nary Number System module. Chapter 3 describes the Networks, Protocols, and Algorithms module.

Chapter 4 discusses Sensors and Sensor Networks module. Chapter 5 presents the Combined Pro-

gram. Chapter 6 presents related work in the area. Finally, Chapter 7 concludes with a summary

of contributions and pointers to future work.

1In 1998, Resnick [74] defined digital manipulative as “computationally-enhanaced versions of traditional children’s
toys.” Similarly, in 2006 Raffle [73] said, “Digital manipulatives embed computation in familiar children’s toys.”
However, Bennet [1] characterized a web-based application as a digital manipulative. For the purpose of this document,
similar to Resnick and Raffle, we consider a digital manipulative to be a small embedded device.
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Chapter 2

The Binary Number System

Motivated by the importance of binary in computing, we chose the binary number system

as the topic of our first module. The binary number system is the lingua franca of computing,

requisite to myriad areas, from hardware architecture and data storage to wireless communication

and algorithm design. Given its significance to such a broad range of computing topics, it is not

surprising that the binary number system plays a prominent role in K-12 outreach efforts [20,24,37].

It is even less surprising that the topic is often viewed as a dreary introduction to the discipline.

Perception of the binary number system being inherently difficult, not only to learn, but also to

teach at the K-12 level, has made it challenging to motivate K-12 institutions to include the topic in

the curriculum. However, the National Council of Teachers of Mathematics [66] recommends that

basic principles of number systems should be taught as early as kindergarten. The Computer Science

Teachers Association similarly recommends including binary in the K-12 curriculum [87], including

an introduction to binary for K-3 students. Their recommendation is that by completion of grade

9, all students should be familiar with binary numbers.

To gauge computing educators’ perceived need for teaching binary to potential computing

students, we developed a brief survey and sent it to 30 computing educators at 6 external institutions.

The survey is shown in Listing 2.1. Participants were asked to rate their level of agreement with

each of the five statements, choosing from strongly disagree, disagree, moderately disagree, moderately

agree, agree, and strongly agree. We received 10 responses. While the sample size is too small to draw

definitive conclusions, the results are informative, if only anecdotally: Table 2.1 shows that, overall,

the results were in the affirmative regarding the need for computing students to understand binary.
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1. It is important for computing students to understand number

systems other than base -10.

2. It is advantageous for incoming computing students to understand

number systems other than base -10.

3. The binary number system is important throughout computing.

4. The binary number system is important in the course(s) I teach.

5. Learning the binary number system can be fun for students.

Listing 2.1: Survey Statements

One interesting observation is that while 30% of respondents indicated that binary is relatively

unimportant in the courses they teach (statement 4), all respondents agreed that understanding

number systems other than base-10 is important for computing students (statement 1).

Table 2.1: Computing Educator Survey Results

Choices S1 S2 S3 S4 S5

Strongly Agree 9 5 7 3 3
Moderately Agree 1 3 2 2 1
Agree 0 2 1 2 5
Disagree 0 0 0 1 1
Moderately Disagree 0 0 0 1 0
Strongly Disagree 0 0 0 1 0

2.1 Binary Module

To support the introduction of binary arithmetic in the pre-collegiate curriculum in a manner

that is both informative and engaging, we have developed a new approach to teaching the topic. Our

module spans two 60-minute class periods. The first session includes a lecture, facilitated by a series

of questions and demonstrations designed to engage students. The second session provides hands-on

activities using a serious toy designed to reinforce the lecture content. There are five primary learning

objectives for this module. The learning objectives call for students (i) to learn to convert decimal

numbers to binary numbers and vice-versa; (ii) to learn to add two binary numbers of arbitrary

length; (iii) to learn to subtract two binary numbers of arbitrary length; (iv) to understand the

relevance of binary numbers to computer science; and (v) to learn to apply the concepts learned to
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number systems of arbitrary bases. Appendix A provides a mapping between the learning objectives

and categories in Bloom’s Taxonomy of Education Objectives.

2.1.1 Lecture

We begin the lecture by reviewing base-10, motivating how and why we group by 10s. This

is done by holding up two closed fists and asking students to count how many fingers are held up.

When they respond with zero, we write the digit 0 on the board. Next, one finger is held up, and

the exercise continues until we get to 10 fingers. We note that nine objects can be represented by a

single digit, but another column is needed if we have ten or more objects. Similarly, if we have ten

groups of ten objects each, a third column must be added. We conclude by noting one explanation

for why we count by 10s: Humans typically have 10 fingers!

Next, we introduce the binary number system. To continue the finger counting example, we

ask students how many digits we might use, and how high we might be capable of counting if we

were aliens with only two fingers, similar to [34]. While it may sound silly, the exercise motivates

the concept well. As with base-10, we discuss the grouping principle and note when a new column

must be added. Using an example similar to that shown in Figure 2.1, we illustrate how elements

can be grouped by twos, as well as tens. As an exercise, we give the students several small numbers

and ask them to use grouping to write each number in decimal and binary.

Figure 2.1: Grouping Example

This exercise was designed to help students understand that 10 is effectively an arbitrary

choice; any other base could be used. Next, we discuss how tedious this translation approach

would be for large numbers, and then introduce a decimal-to-binary conversion approach based on

repeated division by 2. While demonstrating this method, we explain how the quotient represents

the number of groups that could be formed, and the remainder represents the remaining elements.

We next demonstrate the reverse approach, converting a binary number to a decimal number. We

start the discussion by noting the value of each digit in a decimal number. We explain that the value
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is the product of the digit and a power of 10; the power value depends on the digit’s position. We

then adapt this idea to binary numbers. When students are comfortable with the conversion process,

we introduce binary addition and subtraction. To further engage students and provide opportunities

for them to practice what they have learned, we give students several exercises that require them

to convert decimal numbers to binary, and then to add or subtract the binary numbers. Next, we

introduce a friendly competition. We divide the students into teams, provide two binary numbers,

instruct each team to add or subtract the two numbers, and then convert the binary operands

and resultant to decimal. Usually after several such exercises, some of the teams realize they can

complete the problems in a more efficient manner by splitting the task among all team members.

We conclude with a discussion of why binary numbers are important in computer science,

noting that the language used by computers is limited to 1s and 0s. We use the analogy of a

light switch and explain that combinations of these switches allow computers to operate using large

numbers.

2.1.2 Binary Toy

We begin the second class period with a review, and then introduce the serious toy, noting

that the toy is just a simple computer, i.e., it receives input, processes the input, and displays the

results. The students are then divided into smaller groups, and the toy is demonstrated in each

group. Students are assigned several binary conversion, addition, and subtraction problems and are

instructed to perform the operations on paper before validating their work using the toy.

Architecture. The toy consists of an input device, two processors, and an output device. The

development of the binary toy has evolved over four versions, all shown in Figure 2.2. The processors

for each version consist of an ATMega168 [4] and an ATMega8515 [5]. The ATMega168 detects and

receives data from the input device. Using serial communication, the ATMega168 transmits the data

to the ATMega8515, which is responsible for driving the output device. The output device for each

version consists of an 8x8 LED display. The fourth version, shown in Figure 2.2d, also includes an

LCD screen that provides the user step-by-step instructions, as well as feedback on the correctness

of their answers. The input device for the first and second versions, shown in Figures 2.2a and 2.2b,

is a photoresistor wired to a microcontroller, triggered by a flashlight. When the flashlight beam is

directed toward the photoresistor, a change in resistance is detected and read by the ATMega168

13



(a) Version 1 (b) Version 2

(c) Version 3 (d) Version 4

Figure 2.2: Evolution of the Binary Toy

microcontroller. The duration of the resistance change is recorded and compared with a specified

threshold. If the duration exceeds the threshold, a 1 is recorded; otherwise, a 0 is recorded. Due

to differences in lighting conditions from one classroom to another, the photoresistor proved to be

unreliable, requiring a change in the input device for the third and fourth versions of the toy. The

photoresistor was replaced by two tactile buttons, shown in Figures 2.2c and 2.2d; one representing

a 0, and the other representing a 1.

Six of the eight rows on the LED display are used, as shown in Figure 2.3. The first two rows

are used to represent operands. The third is used to display the predicted addition or subtraction

result. The fourth represents the correct answer to the problem. The sixth is used to display the

operation being performed. Finally, the eighth row displays the last bit position entered.
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operand 1

operand 2

user’s answer

correct answer

operation code

bit position

Figure 2.3: Display Setup

Toy Operation. The final version of the toy operates as follows. When power is supplied, the

LCD screen prompts the student to “Press 1 to start”. When the tactile button representing 1 is

pressed, the display driver turns on the first row of red LEDs to indicate that it is ready to receive the

first operand. The LCD screen also displays the message, “Enter the first operand, most significant

bit first.” The output display denotes a 1 by lighting a red LED; an unlit LED denotes a 0. To

assist the student in keeping track of the bits entered, the eighth row displays a red LED for each

bit entered. After all eight bits are entered, the LCD screen prompts the student to verify her entry,

“Select 1 to continue or 0 to re-enter”. If satisfied, a 1 is entered; otherwise, the board will clear the

row and allow the student to re-enter the number. This process is repeated for the second operand.

After accepting the second operand, the red lights on the sixth row turn on, indicating the need to

enter the operator. The LCD screen prompts the student to enter “11” for addition, or “10” for

subtraction. The student must also confirm her choice. At this point, the third row of LEDs is

lit, indicating that the toy is ready to receive the predicted answer. The LCD screen prompts the

student to enter the predicted result beginning from the least significant bit. Upon confirmation,

the fourth row displays the correct answer in green lights. If the correct answer was entered, the

LCD screen displays “Good Job! Press 1 to begin again.” If the answer was incorrect, the LCD will

display “Wrong Answer! Press 1 to begin again.”
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2.2 Pilot Groups

We piloted this approach with four groups of high school students. Three of the groups

were participants in Emerging Scholars, a Clemson University summer program. The fourth group

consisted of students from a local high school.

2.2.1 Emerging Scholars

The Emerging Scholars program was established in 2002 with a mission to reach out to high

schools located in areas which, according to the US Census Bureau, have a high poverty rate [21,61].

Student participants are chosen because they exhibit the potential to succeed in higher education

but lack the economic and social support needed to make attending college a reality. Participants in

this program are provided summer experiences for three consecutive summers. During the summers,

students are taught the importance of basic skills in reading, writing, math, and science. During the

students’ third summer in the program, they follow a class schedule that mimics that of a freshman.

This affords students an opportunity to experience, in a small way, what it is like to be a college

student.

2.2.2 Local High School

The participating high school students were chosen from a mathematics course, Statistical

Analysis, classified as College Preparatory (CP). The class was chosen because, based on confiden-

tial feedback from the school counselor, the students’ expected abilities appeared similar to those

of the Emerging Scholars groups. As with the Emerging Scholars groups, these students had no

predetermined interest in computer science.

2.3 Pilot Studies

In this section, we discuss three studies conducted using various versions of the binary toy.

2.3.1 Approach 1

During the summer of 2011, the pilot engaged two groups of junior and senior Emerging

Scholars. Each group was divided into two sections. Each senior section, referred to as ES11Sa and

ES11Sb, had 12 participating students. The junior sections, referred to as ES11Ja and ES11Jb, had

15 and 17 participants, respectively.
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1. Computer science seems like it would be fun.

2. I might be interested in majoring in computer science in

college.

3. I think I understand the need for alternate numbering systems.

4. I think I understand why humans use the decimal number system.

5. I think I understand the value of binary numbers in computer

science.

6. I think I understand the concept of the binary numbering system.

7. I think I understand the relationship between decimal and binary

numbers.

8. I think I can understand a number system with any base.

9. I think I could write the number 200 using only 0s and 1s.

10. I think I understand why 00000101 added to 00000010 = 7.

11. I think I understand why 00000010 subtracted from 00000101 = 3.

12. I think the teacher did an appropriate job explaining the

material.

13. I like the format of this outreach program.

14. I would like to attend more outreach programs related to

computer science.

15. I liked learning about binary numbers.

Listing 2.2: Survey Statements

Lecture Only. We met with the ES11Sa and ES11Sb for one day. They were taught the binary

number system using only a lecture. This group was not introduced to the binary toy. Pre- and

post-surveys were administered.

Lecture and Version 1 of the Binary Toy. We met with the ES11Ja and ES11Jb for two

days. On the first day, we presented the lecture on the binary number system using the same lecture

materials and style used with the ES11Sa and ES11Sb groups. Pre-surveys were administered before

the lecture. On the second day, we reviewed the lecture material and demonstrated a prototype of

the binary toy, shown in Figure 2.2a. We also discussed the development process used to construct

the toy. Only two prototypes were available, so we divided the students into two smaller groups

(7-8 students per group) and let them take turns practicing addition and subtraction using the

prototypes. At the end of this meeting, students were given the post-survey.

Evaluation. The pre- and post-surveys consisted of 15 Likert-style statements, shown in List-

ing 2.2. The students were instructed to rate their level of agreement with each statement, choosing

from strongly disagree, disagree, moderately disagree, moderately agree, agree, and strongly agree,

weighted from 1 (strongly disagree) to 6 (strongly agree).
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A statistical significance analysis was performed. Statements 12-15 were not included in

the analysis because these statements could not be answered until after the presentation of the

material. For the remaining 11 statements, a two sample F-test for variance was performed. Once

the variance was determined, the appropriate two sample t-test was performed to determine if the

pre/post difference was statistically significant (5% p-level). Table 2.2 summarizes the results of

the statistical analysis. The first column represents the survey statements presented in Listing 2.2.

The second, fourth, sixth, and eighth columns list the average scores for each statement of the pre-

survey across all pilot groups. The third, fifth, seventh, and ninth columns list the average scores for

each statement of the post-survey. The scores shown in bold in the third, fifth, seventh, and ninth

columns represent statistically significant increases between the pre- and post-survey responses.

Across the four pilot groups, 44 statistical analyses were performed, with 31 (70%) indicating a

significant change in the mean response. We categorized the statements into three groups. Of the 15

total statements, two were related to student interest (statements 1-2), nine to student self-efficacy

(statements 3-11), and four to student perception of the program (statements 12-15).

Survey ES11Sa ES11Sa ES11Sb ES11Sb ES11Ja ES11Ja ES11Jb ES11Jb
Statement pre post pre post pre post pre post

S1 5.08 4.58 4.75 3.5 4.29 4.88 4.73 5
S2 3.67 3.33 2.67 2.17 2.47 2.94 2.93 3.67
S3 3.83 4.25 3.5 4.67 3.77 4.53 3.4 4.53
S4 3.75 4.75 3.58 4.33 4.11 4.52 3.8 4.53
S5 2.67 4.67 2.67 4.42 2.65 4.94 2.6 4.73
S6 2.33 4.16 2.6 4.53 2.53 4.79 2.6 4.53
S7 2.42 4.08 2.67 4.75 2.71 4.18 2.93 4.67
S8 3.8 4.31 2.67 4 3.06 4.51 3.27 4.4
S9 2.67 4.33 2.17 4.75 3.29 4.65 2.73 5.07
S10 2.25 4.17 2.08 4.58 2.06 4.82 2 5.13
S11 2.25 4.17 1.92 4.5 1.82 4.88 2.07 4.87
S12 — 4.83 — 5 — 5.47 — 5.2
S13 — 4.58 — 4.67 — 4.79 — 4.73
S14 — 3.83 — 3.33 — 3.32 — 4.33
S15 — 3.46 — 4.25 — 5.12 — 5.07

Table 2.2: Approach 1 – Binary Number System Pre-/Post-Survey Means

Interest in Computer Science. These statements were designed to measure the impact of the

program on student interest in computer science. Although the change in mean for 7 of the 8

responses was not statistically significant (statement 1, ES11Sb, significant decrease), we do observe

interesting results. The ES11Sa and ES11Sb groups both exhibited a decrease in interest, whereas

the ES11Ja and ES11Jb groups had an increase in interest. As discussed above, the ES11Sa and

ES11Sb groups were not introduced to the binary toy; the ES11Ja and ES11Jb groups were. The
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results suggest that the toy may have had a positive impact on students’ interest in computer science

as a discipline.

Content Understanding. These statements were designed to measure student understanding of

the material presented, in particular the impact of the toy. The statistical analysis showed that

30 of the 36 t-test analyses represent significant changes between the pre- and post-surveys. It

is also notable that all of the results for this category indicate an increase in (perceived) content

understanding. We focus on statements 9-11, which relate to student understanding of how to

convert, add, and subtract binary numbers. Knowledge of each of these concepts is reinforced

through the use of the binary toy. In each case, the analysis indicates a statistically significant

increase between the pre- and post-surveys. In addition, the ES11Ja and ES11Jb groups show a

higher post-score on each of these three statements than the ES11Sa and ES11Sb groups. Since the

ES11Sa and ES11Sb groups were not introduced to the toy, we believe this indicates that the binary

toy had a positive impact on student understanding.

Structure of Outreach. These statements were designed to gauge whether students enjoyed the

format of the program. Pre-survey data was not considered because students were unable to rate

these statements until after the program was completed. As shown in Table 2.2, both ES groups, on

average, agreed or moderately agreed that the instructors did an appropriate job. Also, on average,

both ES groups enjoyed the format of the outreach module. However, the ES11Jb group was the

only group that indicated they would like to participate in additional computer science outreach

programs. This was not surprising since the ES11Jb group showed the highest interest in majoring

in computer science. Lastly, three of the four ES groups indicated they enjoyed learning about

binary. It is interesting to note that the ES11Ja and ES11Jb groups averaged a score of 5.1 for this

statement, whereas the ES11Sa and ES11Sb groups scored 3.5 and 4.3, respectively. This suggests

the binary toy had a positive impact.

2.3.2 Approach 2

The next pilot study engaged a group of students from a local high school. There were 34

participants, comprising 6 juniors and 28 seniors. This group is referred to as HS2011.
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Lecture and Version 2 of the Binary Toy. We met with the HS2011 group for two days.

The format of the first day was identical to the previous offerings. On the second day, we reviewed

the material from the first day and introduced students to version 2 of the binary toy, shown in

Figure 2.2b. Since this group was twice the size of the groups described in the previous section,

we divided the students into two groups of 17. One group was introduced to the toy and asked

to practice converting, adding, and subtracting binary numbers using the toy. While the first set

of students were playing with the binary toy, the second set of students were learning about the

development process for creating the toy. Students were given the opportunity to examine the

breadboarded model of the toy and were instructed on how the more complete prototype was built.

To allow students ample time to use the toy, the groups swapped learning areas after approximately

25 minutes. At the end of the period, a post-survey was administered.

Evaluation. The Likert-style survey discussed in the previous section was again used. Unfortu-

nately, due to an unforeseen policy issue, pre-treatment survey data was unavailable for this pilot

group. Hence, our analysis is based only on the post-treatment survey.

As before, in the evaluation of the final pilot, we group the survey statements into three

categories measuring interest, content understanding, and module organization. For each statement

group, we compute the average and standard deviation across the response data for all of the

constituent statements. The results are summarized in Table 2.3:

Table 2.3: High School Survey Results

Statement Category Average Std. Dev.
Interest in CS (S1-2) 2.40 1.28
Content Understanding (S3-11) 3.71 1.66
Module Organization (S12-15) 3.29 1.37

Recall that a score of 3 denotes moderate disagreement, and a score of 4 denotes moderate

agreement. Accordingly, the average scores in the content understanding category indicate that

students completed the program with a generally positive impression of their content understanding.

Unfortunately, they had a less positive view of the module’s organization and their likelihood of

pursuing a computer science degree. It is interesting to note that the high standard deviation values

indicate significant variation in the response data. Indeed, an analysis of the individual statements

reveals that approximately half resulted in bimodal response distributions, with frequency peaks on

either side of 3. This suggests that the class was partitioned into two groups — those who “got it”,

and those who didn’t.
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We posit several potential explanations for the underwhelming response data. First, with

regard to interest, this was the only pilot group that was not self-selected to participate in an

outreach module. They elected to participate in a statistical analysis course, and were then required

to participate in the binary arithmetic module. Their pre-existing interest in the displaced statistical

analysis content may have biased their attitudes toward the outreach content. With regard to module

organization, these results are not surprising. The classroom setup made it difficult to power all

of the toys in a manner that supported small group participation. The devices were arranged on a

central table, and students took turns participating in a large group. Our impression was that only

half of the students interacted with the toys, which aligns with the bimodal response data noted

above. Finally, it is impossible to tell whether these figures represent improvements over students’

baseline impressions given the absence of pre-treatment data.

2.3.3 Approach 3

The next pilot study engaged two groups of Emerging Scholar juniors during the summer

of 2012. The group was divided into two sections. The sections, referred to as ES12Ja and ES12Jb,

had 16 and 12 participants, respectively.

Lecture and Version 3 of the Binary Toy. We met with ES12Ja and ES12Jb for two days.

Pre-surveys were administered before the first meeting. The format of the remainder of the first

day was identical to the previous offerings. On the second day, we reviewed the lecture material,

specifically binary addition and subtraction, and introduced version 3 of the binary toy, as shown

in Figure 2.2c. We also discussed the toy’s development process, using the previous two versions as

reference. In groups of 2 or 3, students were asked to practice converting, adding, and subtracting

binary numbers, first on paper, then using the toy to verify their answers. After several practice

problems, students began using only paper for the conversion process.

Evaluation. In addition to the Likert-style pre- and post-survey questions administered in the

two previous pilot studies, we administered a pre- and post-quiz, shown in Listing 2.3, to measure

content knowledge gained from the module. The statistical analysis performed on students’ pre-

and post-survey responses, as well as the pre- and post-quiz scores was identical to the analysis

described in section 2.3.1. Table 2.4 summarizes the results of the analysis. The first column of the
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1. Decimal number 34 can be written as ______ in binary.

a) 11001 b) 10101 c) 100010 d) 11011

2. There is/are only ______ digit(s) in the binary number system.

a) 1 b) 2 c) 10 d) infinite

3. 1001 in binary is the same as ______ in decimal.

a) 7 b) 8 c) 10 d) 9

4. Perform the following binary addition.

1100

+ 0110

---------

a) 10100 b) 10010 c) 10000 d) 0100

5. Perform the following binary subtraction.

1101

- 1001

---------

a) 1000 b) 0100 c) 1010 d) 0001

6. Binary numbers are important in Computer Science. Why?

a) They are easier to learn.

b) They are best suited to represent the ON and OFF

states of electronic switches.

c) Decimal numbers are not that popular among computer

scientists and engineers.

Listing 2.3: Binary Quiz

table represents the survey statements. The second and fourth columns list the average scores for

each statement of the pre-survey and quiz. The third and fifth columns list the average scores for

the post-survey and quiz. The average scores shown in bold in the third and fifth columns represent

a statistically significant increase from the pre- and post-survey and quiz responses. A statistical

paired t-test with a p-level less than 5% indicates a significant increase. As in previous offerings, we

categorized the statements into three groups. Of the 15 total statements, two were related to student

interest (statements 1-2), nine to student understanding (statements 3-11), and four to students’

perception of the program (statements 12-15).

Interest in Computer Science. Statements 1 and 2 measure student attitudes toward CS. Re-

sponses for these questions indicate that there was not a statistically significant increase in attitudes

toward the discipline. However, three out of the four responses increased, and both ES12Ja and

ES12Jb indicated that CS seemed to be fun. Overall, the analysis indicated students showed a

positive attitudinal shift toward CS.
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Survey ES12A ES12A ES12B ES12B
Statement pre post pre post

S1 4.06 4.25 3.83 4.08
S2 2.81 3.43 2.83 2.58
S3 2.69 4.31 2.42 3.58
S4 2.65 4.06 2.5 3.5
S5 1.88 4.69 1.58 3.92
S6 1.88 4.5 1.33 4.08
S7 1.94 4.5 1.67 3.92
S8 2.81 3.88 1.58 3.92
S9 2.44 4.69 1.67 3.83
S10 2.06 4.47 1.42 4
S11 2.06 4.47 1.42 4
S12 – 4.93 – 4.82
S13 – 4.73 – 4.58
S14 – 3.8 – 3.08
S15 – 4.73 – 4.08

Quiz Average 38 71 40 61

Table 2.4: Approach 3 - Binary Number System Pre-/Post-Survey Means

Content Understanding. Statements 3-11 assess students’ self-efficacy. Overall, 89% of the post

responses (16 out of 18, across groups) indicate a statistically significant increase in self-efficacy.

Structure of Outreach. The remaining statements, 12-15, assess whether students enjoyed this

form of outreach. Pre-survey responses were not considered for these statements since they were

only relevant after the presentation of the module. Overall, 75% of the responses (6 out of 8, across

groups) averaged 4 (moderately agree) or higher, indicating that students enjoyed the outreach

program.

Content Quiz. The quiz assesses content knowledge gained from the module. Not surprisingly,

both ES12Ja and ES12Jb demonstrated a statistically significant increase in average test scores.

This suggest student understood the material taught.

2.4 Conclusion

We began with the observation that the binary number system is central to a host of

areas across computing. It is widely regarded as a fundamental topic, featured in a number of

popular outreach programs. Unfortunately, there is evidence that existing approaches to teaching
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this topic inadequately engage and excite students. In response, we described a new approach to

introducing binary arithmetic in the pre-collegiate curriculum using a supporting embedded platform

that simultaneously engages visual and kinesthetic learners. The evaluation results are largely

positive across the four pilot studies that have been conducted. Our hope is that this approach

will serve as a model for introducing a fundamental topic that is often perceived as dull by young

learners.
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Chapter 3

Networks, Protocols, and

Algorithms

Networks have been essential to society for thousands of years. The human body is a network

of organs. The mail service, connecting people world-wide, has roots dating back to 2400 B.C.,

when the Egyptian Pharaohs deployed a network of couriers to deliver written communications [32].

Today, the mention of a network brings to mind computers, the Internet, and a range of social

sharing services. Recognizing the importance of networks in our society, and more specifically,

within the field of computing, we selected networks, protocols, and algorithms as the focus of our

second module.

3.1 Networks, Protocols, and Algorithms Module

The curriculum module is designed to span two sessions of 60-minutes each. The first session

consists of a lecture and a series of questions and discussion points designed to engage students. The

second session consists of demonstrations and hands-on activities to reinforce the lecture concepts.

For this module, the learning objectives call for students (i) to understand the definitions of network,

protocol, and algorithm; (ii) to understand how networks, protocols, and algorithms are related;

and (iii) to understand the relevance of networks, protocols, and algorithms in computer science.

Appendix A provides a mapping between the learning objectives and the appropriate categories in

Bloom’s Taxonomy of Education Objectives.
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Figure 3.1: Routing Illustrations

3.1.1 Lecture

We begin the lecture by defining a network as a group of entities connected and capable

of communicating with each other, and then motivating what makes a network, a network. This

is done by asking students to identify familiar networks. Students’ responses range from radio

networks to a pack of dogs. We next discuss the main components of several familiar networks: the

postal service network, traditional computer networks, and the computer networks that constitute

the Internet. Using an example students are familiar with —the postal service— we discuss the

importance of assigning unique addresses in a standard format to each house, business, and school,

to ensure reliable communication. Using the graphical illustration shown in Figure 3.1a, we discuss

the process of delivering a letter from a home in South Carolina to a home in California. We point

out that for some destinations, more than one path may be available, and then discuss why this is

important. We discuss the factors that should be considered in choosing the best delivery path to

use. Replacing the post offices with routers, we discuss the delivery of email using the same scenario,

as shown in Figure 3.1b. Next, we define a protocol as a set of rules. We then steer the discussion

toward an example scenario where the standard protocol is not followed. We ask students to consider

the consequences if Alice, a mail carrier, decided she was tired of seeing the same houses, trees, and

people each day. What if Alice wanted a change of scenery and decided, for one day, to deliver mail

for her customers to the customers on Bob’s route. We point out that this would result in chaos,
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confusion, and undelivered mail. As another example, suppose that the state of South Carolina

decided to deviate from the mail addressing protocol used by the U.S. Postal Service. Diverging

from the Postal Service addressing protocols would make it difficult for mail to be delivered from

outside of South Carolina to destinations within South Carolina. We conclude by reiterating that it

is essential for all entities in a network to abide by the same set of rules, or protocols.

Next we discuss the concept of an algorithm. First, we define an algorithm as a set of step-

by-step instructions to complete a task, and then invite students to provide examples of common

tasks they perform, where the steps might be considered an algorithm. The answers range from

completing math problems to following a recipe to baking a cake. We then ask what happens

when an algorithm is followed incorrectly, such as when completing a math problem. Using their

responses, we explain that to complete a task, a correct algorithm must be followed, often using a

specific ordering of steps. To illustrate when these steps must be completed in a specific order, we

discuss the process a washing machine follows — add water, add soap, wash, rinse, and spin. We ask

students to consider the outcome if a washing machine performed the steps in the following order:

spin, add water, add soap, wash, rinse. To illustrate that task ordering is not always important, we

use the example of adding milk and eggs to cake batter. We then discuss the relationship between

networks, protocols, and algorithms and discuss why following standard protocols and algorithms is

important within a network.

3.1.2 Activities

The second session begins with a demonstration of a sensor on our embedded toy. The

architecture of the toy is described in Section 3.1.3. After the sensor demonstration, students

are divided into groups and rotated through various additional activities. One activity introduces

students to a bus-based hardware platform that allows sensing devices to be added to and removed

from a network without interrupting communication among the devices. In another activity, students

use the toy to create a network of devices that can communicate with each other. Finally, to

demonstrate the importance of algorithms, student participate in an algorithm game.
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Sensor Demonstration. The sensor demonstration begins with a description of the sensors and

their capabilities. A desktop program provides a graphical view of real-time readings from the

sensors.

A galvanic skin response (GSR) sensor was selected to allow students to actively participate

in the demonstration by volunteering to come forward and place their fingers on the contact points

(described in Section 3.1.3). We explain that one contact applies voltage to a finger, and the other

contact measures the voltage on another finger. We explain that an emotional stimulus, such as

fright, pain, nervousness, happiness, or anger, will stimulate the sympathetic nervous system, causing

the skin to produce a tiny amount of sweat that will change the amount of natural resistance across

the skin, reflected in a change in the graph being displayed. When the student volunteer has placed

her two fingers on the contacts, she is instructed to stay calm for a moment to allow the graphical

readings to level out. Next, she is instructed to pinch her ear, causing a change in the graph due to

the physiological change caused by (very mild) pain. We then allow the class to ask the volunteer

(reasonable) questions, or to make comments that might cause an emotional response from the

volunteer.

This demonstration exposes students to the sensors on the network toy and the concept of

measuring GSR. After a brief question and answer period about the demonstration, students are

placed in groups and directed to the next activity.

Bus Network. The bus network activity begins with a demonstration of a microcontroller network

composed of our toys, communicating through a (serial) bus. One of the devices is connected to

a laptop computer. This device is responsible for identifying all of the devices in the network and

collecting the data they send. The laptop computer uses a Java program to display the data.

We explain to the students that these devices are communicating through a serial bus,

exposing them to the concepts of serial and parallel communication. We also discuss the associated

communication protocol. We explain further that the serial bus is like a one-lane road, allowing

traffic in both directions. We then ask how more than one car can use such a road. Using students’

responses, we discuss the concept of a multi-drop bus and contention issues for bus access in a serial

network.

Next, we point out that each device connected to the network has a unique ID, which is

displayed on the laptop screen. The ID of each device appears and disappears from the screen as
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devices are added to or removed from the network. As a demonstration of the sensors on our toy,

students are shown readings on the screen characterizing normal noise levels in the room. Then,

two student volunteers are selected to speak loudly or softly near a given sensor. All other students

then observe the changing noise level on the computer screen.

We next remove all of the devices from the network, except for the one communicating

with the computer. We then add one device at a time, each time asking students to identify the

new ID on the computer screen, and to remember it. Next, we play a game, removing one device

at a time, asking which device will disappear from the screen. This exercise builds the foundation

for explaining how devices connected to a network learn about the arrival and departure of other

devices. After a brief question and answer period, students are guided to the next activity.

Creating a Network. The network activity begins with a discussion on the process of creating

the network hardware. We discuss how the network toy started as an idea, was prototyped using a

breadboard, and then is transferred to a PCB, programmed, and tested. A quick demonstration is

provided using a set of breadboarded devices connected and pre-programmed, as shown in Figure

3.2a. During the demonstration, basic definitions are revisited.

Next, each group is given a set of network devices pre-programmed with a unique peer-

to-peer protocol. The differing protocols allow for a discussion of the communication problems

created if one or more of the devices are interchanged between networks with different protocols.

Students in each group are instructed on how to connect the devices using jumper wires, and are

then tasked with connecting the devices to form a network. Once they are satisfied that all of the

devices are connected properly, the network is powered up, as shown in Figure 3.2b. Each device

is programmed to turn on or blink its LEDs, depending on the state of the device. Using the LED

pattern, an explanation of the algorithm running on the network is provided. Students are given the

chance to swap individual devices between networks, demonstrating communication problems that

arise due to differing protocols. Throughout this activity, students are posed with questions designed

to reinforce the concepts being taught. Just as important, students are given the opportunity to ask

questions concerning the devices and the concepts covered.

Algorithms Game. We begin with a review of the importance of algorithms in computer science.

We remind students that computers,“robots” in particular, complete tasks exactly as they are in-
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(a) Breadboarded Network (b) Toy Network

Figure 3.2: Creating a Network

structed. We explain to the students that they must navigate a robot through a maze using only

three commands — “functions”. We ask students to help define the three commands — step, turn

left, turn right. Next, we asks a student volunteer to be blind-folded, and to serve as the robot.

Once the student is blind-folded the remaining students create a maze using chairs and/or tables.

When the maze is complete, the students take turns navigating the volunteer through the maze. As

an incentive for students not to lead the volunteer into other objects, we offer a piece of candy to

each student if the robot goes through the entire maze without touching any objects.

This activity provides an opportunity to discuss programming concepts, such as conditionals

and loops. As an example, for the first few minutes of the activity we allow students to command the

robot to step, step, step, etc. We then ask the students if they are tired of giving the individual step

command over and over. We ask them to consider an easier and faster way of giving this command.

Inevitably, they will suggest telling the robot to step multiple times. We then explain the concept

of for loops to the students.

The activities provided in our module appeal to students of all learning styles. Students

who are kinesthetic learners are able to create a network by connecting the devices with jumper

wires. They learn about GSR through a sensor created using two pennies. Visual learners are able

to visualize the change in sensor readings through a graphical user interface and are able to visualize

the network communication through the pattern of blinking LEDs. Finally, students who prefer
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auditory learning are able to learn through the discussions, as well as the numerous question and

answer segments throughout the activities.

3.1.3 Network Toy Architecture

 

(a) Power Board

 

(b) Control Board

 

(c) Sensor Board
 

(d) Assembled Network Toy

Figure 3.3: Network Toy

Inspired by the MoteStack stackable sensing platform [29], we developed a second “serious

toys”, a hardware platform consisting of three printed circuit board (PCB) layers, designed to engage

students in hands-on networking activities. Each PCB layer is connected using two sets of Hirose

connectors [41]. The assembled toy is shown in Figure 3.3d; Figures 3.3a, 3.3b, and 3.3c show the

individual layers of the toy.

Power (bottom) Layer. As shown in Figure 3.3a, the bottom layer of the device is designed

to enable device interconnection, exposing power, ground, and communication pins using male and

female headers placed on each side of the board. To prevent accidental reverse polarization, the

ground pin is connected to a male header, while the power pin is connected to a female header.

To make the device extendable for future toys, this layer also has two sets of headers that expose

the unused microcontroller pins, as well as two tactile switches connected to input pins on the

microcontroller.

Control (middle) Layer. As shown in Figure 3.3b, the middle layer provides power regulation

and computation support; it is the core of the device. It consists of a 5V regulator, an ATmega168
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microcontroller [4], three LEDs —red, green, and yellow— as well as a header used for programming.

(We omit supporting circuitry in our discussion).

Sensor (top) Layer. As shown in Figure 3.3c, the final layer provides three sensors used during

hands-on demonstrations. Each sensor is connected to an analog-to-digital converter (ADC) pin

on the microcontroller. One is a simple GSR sensor that consists of two pennies soldered to two

wires. One wire is connected to the 5V power supply, while the second is connected to an ADC pin,

grounded through a 10K resistor. A .1uf capacitor provides basic filtering. The second sensor is

a broad spectrum photosensor, and the third is an electret condenser microphone. This layer also

provides three LEDs — red, green, and yellow.

3.2 Pilot Groups

We piloted this module with six classes at a local middle school, and four groups from

Emerging Scholars.

3.2.1 Local Middle School

The participating local middle school is the largest in the state, with approximately 1,350

students. During the 2012 school year, the middle school achieved an overall rank of “Good”,

indicating that its performance exceeds the standards for the state’s “2020 Performance Vision”.

The vision states that by “2020, all students will graduate with the knowledge and skills necessary

to compete successfully in the global economy, participate in a democratic society, and contribute

positively as members of families and communities [64].” The pilot group consisted of two classes each

from the sixth, seventh, and eighth grades. The pilot group was chosen from a STEM exploratory

course. The two sixth grade pilot groups were participants in an “Intro to Careers” study, where

students explore careers in STEM fields. The remaining seventh and eighth grade pilot groups were

participants in the “Gateway to Technology” program, which offers an introduction to various topics

in engineering, robotics, 3D modeling, and other topics.

3.2.2 Emerging Scholars

During the summer of 2013, the Emerging Scholars group, as described in Section 2.2.1,

consisted of two groups of juniors, and two groups of seniors.
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3.3 Pilot Studies

In this section, we discuss two studies conducted using the networking toy.

3.3.1 Local Middle School

During the winter of 2012, this pilot study engaged two classes each from the sixth, seventh,

and eighth grades. For the remainder of this chapter, the individual classes are referred to by their

grade and class section. As an example, 6A refers to sixth grade, section A. As shown in Table

3.1, these classes had a total of 160 students enrolled, with 136 participating in the first day of the

program, and 118 completing both days of the program. Note that there were additional students

who participated on the second day. Participants were only included in the analysis if they completed

the evaluation for both days of the module. Table 3.1 also shows the number of students in each

class identified by the school as needing special learning considerations. The evaluation process

was anonymous; these students received no additional help completing their activities or evaluation

instruments.

No. of Students 6A 6B 7A 7B 8A 8B Total

Enrolled 24 20 29 25 30 32 160
Participants (day1) 21 18 23 22 26 26 136
Participants (day2) 15 17 23 20 23 20 118
Special Consideration 0 3 4 4 5 3 19

Table 3.1: Pilot Group Participation Information

Lecture and Network Toy. Recall that the module was designed to span two 60-minute class

periods. The class period for the middle school was 40 minutes; therefore, we met with this group

for four days. On the first day, we administered the pre-survey and quiz. On the second day, we

presented the lecture on networks, protocols, and algorithms. On the third day, we introduced the

network toy and other activities, as described in Section 3.1.2. We began the fourth day with a

review of the lecture and administered the post-survey and quiz.

Evaluation. The survey consisted of 13 Likert-style statements, shown in Listing 3.1. For each

statement, students were asked to rate their level of agreement by choosing from strongly disagree,

disagree, moderately disagree, moderately agree, agree, and strongly agree. The statements were

weighted from 1-6, with 1 being strongly disagree, and 6 being strongly agree. The statements were
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1. Computer science seems like it would be fun.

2. I might be interested in majoring in computer science in

college.

3. I think I know the definition of a network.

4. I think I understand the concept of a network.

5. I think I understand the value of networks in computer science.

6. I think I understand the relationship between networks and the

Internet.

7. I think I know the definition of a protocol.

8. I think I understand the relationship between networks and

protocols.

9. I think I understand the definition of an algorithm.

10. I think the teacher did an appropriate job explaining the

material.

11. I like the format of this outreach program.

12. I would like to attend more outreach programs related to

computer science.

13. I liked learning about networks , protocols , and algorithms.

Listing 3.1: Survey Statements

designed to evaluate students’ level of interest in computer science, their perceived level of content

understanding, and their perception of the outreach program.

With the exception of statements 10-13, a statistical analysis was completed to determine

whether there was a significant change in the pre and post responses. Students were unable to

rate statements 10-13 when completing the pre-survey; therefore only the post-survey data was

considered. A two sample F-test was performed to determine if the variance was equal. Depending

on the variance determination, the appropriate t-test was performed to determine if the changes

between the pre-and-post data sets were significant (p-level was 5%). Table 3.2 summarizes the

results of the statistical analysis. The first column represents the survey statements presented in

Listing 3.1. The second, fourth, sixth, eighth, tenth, and twelfth columns list the average scores

for each statement of the pre-survey across all pilots. The third, fifth, seventh, ninth, eleventh,

and thirteenth columns list the average scores for each statement of the post-survey. The post-

survey scores shown in bold denote statistically significant changes in the mean response. Of the

60 statistical analyses performed across all pilots 44 (73%) of the analyses indicated a statistically

significant change in mean response. We again categorize the statements into three groups. Of the

13 statements, two were related to student interest (statements 1-2), seven to student understanding

(statements 3-9), and four to student perception of the program (statements 10-13).
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Survey 6A 6A 6B 6B 7A 7A 7B 7B 8A 8A 8B 8B
Statement pre post pre post pre post pre post pre post pre post

S1 4.53 4.8 4.53 5 4.22 4.48 4 4.2 3.48 3.61 3.58 3.47
S2 3.2 4.27 3.56 4.75 2.87 3.26 3.35 3.35 2.74 3.22 3.1 2.95
S3 3.47 4.93 3.82 4.82 3.48 4.61 3.5 4.6 3.48 4.44 3.42 4.21
S4 3.13 4.6 3.77 4.77 3.44 4.57 3.15 4.65 3.30 4.30 3.53 4
S5 3.07 4.53 3.59 5.06 3.39 3.78 3.15 4.15 3 4.17 3.79 4.74
S6 3.6 4.6 3.94 5 3.91 4.13 3.6 4.1 3.44 4.30 3.68 4.26
S7 2.2 4.4 3.18 5.35 2.52 4.13 2.8 4.15 3 4.04 3.11 4.53
S8 2.13 4.33 2.63 4.88 2.48 3.78 2.45 3.8 2.57 4.04 2.63 4.05
S9 1.71 3.93 2.38 4.81 2 3.76 1.8 3.93 1.9 3.55 2 4.61
S10 — 5 — 5.29 — 4.71 — 4.82 — 4.4 — 4.79
S11 — 4.67 — 4.94 — 3.86 — 4.53 — 3.75 — 3.86
S12 — 3.93 — 4.71 — 3.36 — 3.65 — 3.21 — 3.64
S13 — 4.47 — 4.94 — 3.86 — 3.77 — 3.86 — 4

Quiz 66 72 54 79 56 70 48 64 56 67 53 69

Table 3.2: Local Middle School — Networks, Protocols, and Algorithms Pre/Post-survey Means

Interest in Computer Science. Statements 1 and 2 were designed to measure student attitudes

toward computer science. Table 3.2 shows that the module had a positive impact on student atti-

tudes for most groups. For group 8B, the average score for both statements decreased, though not

significantly; statement 2 showed no change for group 7B. We believe group 8B’s scores could have

been influenced by the timing of the class period in which this group participated. The group partic-

ipated during the last class of the day, and the post-evaluation documents were completed the last

full day of classes before the start of the winter holiday. For statement 2, groups 6A and 6B both

experienced a significant increase; however, the changes for these statements were not significant

among the remaining groups. Overall, the analysis shows a positive attitudinal-shift with respect to

interest in CS.

Content Understanding. Statements 3-9 were designed to evaluate students’ self-efficacy. Over-

all, all of the post response scores increased, with 88% (37 out of 42, across groups) indicating a

statistically significant increase in self-efficacy.

Structure of Outreach. Statements 10-13 were designed to measure whether students enjoyed

the format of the outreach program. The survey data summarized in Table 3.2 indicates that all six

groups felt the instructor did an appropriate job explaining the material. Three of the six groups

moderately agreed that they liked the format of the program, with the remaining groups 7A, 8A, and

8B, showing average scores of 3.86, 3.75, and 3.86, respectively. Recall that a score of 3 represents

moderate disagreement, and a score of 4 represents moderate agreement. However, further analysis

of group 7A, 8A, and 8B’s responses to statement 11 revealed that the median score was 4 for each
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group. The percent of students, per group, scoring 4 or above was 62%, 70%, and 71%, respectively,

indicating that the majority of the students did, in fact, like the format of the program. Statement

12 gauged students’ interest in attending other CS outreach programs. It was not surprising that

groups 6A and 6B scored higher than the other groups given that they were the only two groups

that showed an interest in majoring in CS in college. Finally, three of the six groups indicated

that they liked learning about networks, protocols, and algorithms, with the remaining groups, 7A,

7B, and 8A, showing average scores of 3.86, 3.76, and 3.86, respectively. Again, further evaluation

revealed groups 7A and 7B both had a median score of 4, and 8A’s median was 3.5. The percentage

of students for groups 7A, 7B, and 8A scoring 4 or above was 67%, 65%, and 50%, respectively. The

above indicates the evaluation results are largely positive across all groups.

Content Quiz. The content quiz, shown in Listing 3.2, consisted of 10 multiple choice and true-

false questions designed to gauge students’ understanding of the material taught. Students were

asked to complete the quiz at the beginning and end of the program. As shown in Table 3.2, all of

the groups showed an increase in post-quiz scores. With the exception of group 6A, all increases

were statistically significant. However, we noticed group 6A scored highest on the pre-quiz, possibly

explaining why the increases were not significant. Overall, evaluation results for this pilot group

suggest students understood the material presented.

3.3.2 Emerging Scholars

During the summer of 2013, this pilot study engaged two groups of junior and senior Emerg-

ing Scholars. Each group of juniors and seniors were divided into two sections. The senior sections,

referred to as ES13Sa and ES13Sb, had participants totaling 14 and 11, respectively. The junior

sections, referred to as ES13Ja and ES13Jb, had 17 participating students.

Lecture and Network Toy. We met with each section for two days, in 75-minute sessions. On

the first day, we administered the pre-survey and quiz. We then presented the lecture on networks,

protocols, and algorithms, as described in Section 3.1. We began the second day with a review of

the material covered in the lecture. Next, we introduced the network toy and other activities. The

post-survey and quiz were administered at the end of the class period.
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1. A group of entities connected together using a communication

channel is called a ______.

a) Forest b) Post Office c) Network d) Station

2. A(n) ______ is a set of planned actions to complete a given

task.

a) Algorithm b) Program c) Job d) Instruction

3. A set of rules for exchanging messages between two entities

is called a(n) ______.

a) Algorithm b) Program c) Network d) Protocol

4. If an unexpected event happens , a computer is smart and can

determine by itself what action it needs to take.

a) True b) False

5. Each computer in a network can use a different protocol and

still be able to communicate with all other computers on

the network.

a) True b) False

6. You must have a computer to form a network.

a) True b) False

7. It is important for each device/computer in a network to have a

unique identity.

a) True b) False

8. There are no problems associated with allowing one computer

in a network to control the actions of all other computers.

a) True b) False

9. A cable TV network is an example of a centrally managed network.

a) True b) False

10. The Internet is an example of a distributed computer system.

a) True b) False

Listing 3.2: Quiz Questions

Evaluation. The evaluation instruments and statistical analysis were the same as the Local Middle

School pilot described in Section 3.3.1.

Table 3.3 summarizes the results of the statistical analysis of students’ pre- and post-survey

and quiz scores. The first column of the table lists the survey statements. The average pre- scores

for each statement and the quiz are listed in columns two, four, six, and eight. The post-survey and

quiz averages are listed in columns three, five, seven, and nine. The post-survey and quiz averages

shown in bold indicate a statistically significant increase based on a p-value less than 5%. Across the

groups, 44 statistical analyses, were performed. Of the 44 analyses 23 (52%) indicated a significant

change in mean response. We again categorized the statements into three groups. Of the 13 total

statements, two were related to student interest (statements 1-2), seven to student understanding

(statements 3-9), and four to student perception of the program (statements 10-13).
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Survey ES13Sa ES13Sa ES13Sb ES13Sb ES13Ja ES13Ja ES13Jb ES13Jb
Statement pre post pre post pre post pre post

S1 4.62 5.08 4.27 4.64 3.88 3.88 4.24 4.65
S2 3.69 4 3.27 3.36 3.88 3.35 2.41 3.82
S3 4.39 5 3.91 5.27 5.88 5.06 4.24 4.82
S4 4.08 4.77 3.55 4.55 3 4.29 4.18 5
S5 4.23 4.85 3.18 4.73 2.53 4.47 3.70 4.65
S6 4 4.62 4 4.82 3.7 4.65 3.14 4.62
S7 3.85 5.08 2.82 5 1.94 5.12 2.71 4.94
S8 3.85 4.92 2.36 4.64 1.59 4.71 2.71 5
S9 3.69 4.85 2.82 4.82 1.82 4.82 3.18 4.71
S10 – 4.85 – 5.34 – 5.19 – 5.29
S11 – 4.77 – 4.55 – 5.28 – 4.82
S12 – 5 – 4 – 3.8 – 3.941
S13 – 4.77 – 4.91 – 4.2 – 4.59

Quiz Averages 59 68 54 64 52 73 61 71

Table 3.3: Emerging Scholars – Networks, Protocols, and Algorithms Pre/Post-survey Means

Interest in Computer Science. Statements 1 and 2 assess students’ attitudes toward CS as a

discipline and career choice. As shown in Table 3.3, statements 1 and 2 indicate that the module

had a mostly positive impact on student attitudes. Overall, 75% of respondent scores increased (6

out of 8 across groups), with one statistically significant increase; ES13Ja did not change. With the

exception of ES13Ja, for statement 1, three out of four respondent scores were 4 (moderately agree)

or higher. A closer review of ES13Ja reveals that the median score was 4, with 59% of respondent

scores at 4 or higher. Three of the four responses for statement 2 indicate a positive attitudinal

shift, with ES13Jb showing a statistically significant increase. ES13Ja showed a decrease, though

not statistically significant. Again, a closer look at ES13Ja indicates that although there was a

decrease in the average post score, the median was 4, with 59% of post scores at 4 or higher. The

evaluation results suggest the program had a positive impact on student interests in CS.

Content Understanding. Statements 3-9 assess students’ self-efficacy with respect to the mate-

rial taught. All post responses showed an increase, with 85.7% indicating a statistically significant

increase in self-efficacy (24 out of 28, across groups). All of the 28 post responses averaged 4 or

higher, indicating the students were confident in their understanding of the material presented.

Structure of Outreach. Statements 10-13 assess students’ overall level of program enjoyment.

Pre-survey responses were not considered. Overall, 87.5% averaged a score of 4 or higher (16 out of

18, across groups). In response to statement 10, students indicated that they thought the teacher did

an appropriate job, with scores ranging from 4.85 to 5.34. Responses to statement 11 showed that

students liked the format of the outreach program, with scores ranging from 4.55 to 5.29. Statement

12 assessed whether students would like to attend more outreach in CS. Analysis results indicated
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that both ES13Sa and ES13Sb preferred to attend more CS outreach, with average scores of 5 and

4, respectively. Although average scores for ES13Ja and ES13Jb were 3.8 and 3.94, respectively,

further analysis indicated the median score for both groups was 4, with 53% and 54%, respectively,

of students in each group scoring 4 or higher. Average responses to statement 13 indicated students

from all four of the Emerging Scholars pilot groups enjoyed learning about networks, protocols, and

algorithms; averages ranged between 4.2 to 4.91. Overall, the analysis indicated the students in

general enjoyed the outreach program.

Content Quiz. The quiz responses measured content knowledge gained from the module. Post-

quiz scores increased 10 or more points, with the exception of ES13Sa, which had a 9 point increase.

Although all pilot group quiz scores increased, only ES13Ja’s average indicated a significant increase,

at 22 points. The evaluation indicates the program had a positive impact on the students’ content

understanding.

3.4 Conclusion

Networks are pervasive in our lives. We use networks in our homes to connect our phones,

our computers, and our entertainment devices. They enable communication by phone, by email,

and by postal service. Most workplaces cannot operate without computer networks. Motivated by

the importance of networks in our daily lives and the crucial role networks play in computing, we

have developed a curriculum module designed to introduce pre-collegiate students to basic concepts

of networks, protocols, and algorithms. Our module includes lecture, demonstration, and hands-on

activities supported by an embedded toy. The curriculum is designed to engage students of all

learning styles – visual, auditory, and kinesthetic. We piloted the program with six groups of middle

school students, two each from sixth, seventh, and eighth grades, and four groups of high school

students. The evaluation results are largely positive across all groups.
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Chapter 4

Sensors and Sensor Networks

Sensors have become pervasive, used throughout our daily activities. Smartphones, for ex-

ample, are equipped with multiple sensors, including i) a proximity sensor to determine the location

of the phone in relation to the user’s ear, ii) an accelerometer to determine the orientation of the

screen, iii) a light sensor to support automatic adjustment of screen brightness, and iv) a gyro-

scope to improve the user’s gaming experience. Virtually all appliances include one or more sensors.

Networks of sensors are also common, covering home and medical monitoring [8,43], wildlife behav-

ioral monitoring [38], military applications [49], and environmental management [29]. Observing the

value of sensors in computing and building on the Networks, Protocols, and Algorithms module, we

selected the area of sensors and sensor networks for the topic of the third module.

4.1 Sensors and Sensor Networks Module

The third curriculum module spans two 60-minute sessions. The first begins with a lecture

and ends with a hands-on activity. The second consists of additional hands-on activities and a

sensor demonstration, both designed to reinforce the lecture concepts. We focus on four learning

objectives. The objectives call for students (i) to have a basic understanding of how sensors work;

(ii) to understand the construction of a basic sensor; (iii) to be familiar with various types of sensors;

and (iv) to understand the relevance of sensors and sensor networks in computer science. Appendix

A provides a mapping between the learning objectives and the appropriate categories in Bloom’s

Taxonomy of Education Objectives.
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Gateway Node

User

Sensor Node

Figure 4.1: Wireless Sensor Network Example

4.1.1 Lecture

We begin by asking students to identify familiar sensors, and then discuss their responses.

We ask students to consider simple sensors in the human body – skin, eyes, ears, nose. After

a brief discussion related to “human sensors”, we discuss what sensors are used for – namely, to

measure a physical or environmental condition. Using a passive infrared (PIR) motion sensor as an

example, we discuss the basics of how sensors work. We begin by asking students if they understand

why the doors at the local grocery store open automatically when a person is near. Using student

responses, we discuss in detail how PIR motion sensors work. Next, we provide a demonstration

of a PIR motion sensor connected to a microcontroller. The microcontroller increments a counter

displayed on an LCD screen, activates a piezo buzzer, and turns on an LED each time motion is

detected. Next, using Figure 4.1, we discuss a network of wireless sensor nodes and the process of

passing data from one sensor node to another, eventually reaching a main computer server. This

discussion provides an opportunity to explain common issues in sensor networks, including routing

and reliability. We explain the value of sensors to society by discussing several applications in

agriculture, water conservation, and automotives. Finally, we conclude by assisting students in

making a simple soil-moisture sensor, shown in Figure 4.2a, from plaster of paris, nails, and a straw,

as adapted from [14].
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4.1.2 Activities

Day two includes two activities. The first involves testing the soil moisture sensors made

during the previous session. The second includes assisting students in making a homemade pressure

sensor, similar to [12].

Sensor Testing. We begin day two with a series of questions designed to help students understand

how the homemade soil-moisture sensor detects moisture. Topics covered during this discussion

include principles of electrical conductance, insulators, voltage, current, and resistance. We first

test each of the homemade soil moisture sensors by connecting the probes of a multimeter to the

nails in the sensor, inserting the sensor in a cup of dry soil, slowly adding water, and observing the

change in resistance. The next step involves connecting each sensor to a MoteStack [29], a stackable

sensing platform. As shown in Figure 4.2c, students insert the sensor probes in various degrees of

moist soil. Next, they observe the readings using a web-based application, shown in Figure 4.2b,

developed as part of the Intelligent River® program [67]. This exercise provides an opportunity to

discuss i) how the MoteStacks collect data; ii) how data is transmitted to the data center; and iii)

how data is retrieved and displayed on the website. Weather permitting, this exercise takes place

outdoors; otherwise, containers of soil are provided for use in the classroom. This activity provides

a natural opportunity to review the information taught in the Networks, Protocols, and Algorithms

module.

Making a Pressure Sensor. This activity was designed to reinforce student understanding of

sensor construction. The sensor, pictured in Figure 4.2d, is made from poster board, household

aluminum foil, tape, Velostat® by 3M (a resistive material [52]), insulated solid wire, an LED,

and a 3.3V coin battery. To conserve time, individual components of the sensor are pre-cut and

individually packaged. Supplied with a pressure sensor packet, each student is given a detailed

explanation of the purpose of each item, and then guided through the construction of the pressure

sensor. This activity provides an opportunity to discuss concepts of basic circuits, how sensors work,

and their relevance to computer science.
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(a) Homemade Moisture Sensor (b) Example of Website Display

(c) Motestack Sensor Network (d) Homemade Pressure Sensor

Figure 4.2: Sensor Module Activity Examples

4.2 Sensor Network Architecture

Figure 4.3 depicts the architecture of a prototypical sensor network system. Our sensor

system is designed to collect, transmit, and display data. Sensors made by the students are connected

to a set of MoteStacks, which read voltage changes corresponding to changes in environmental

parameters. To transmit data, each MoteStack is equipped with an XBee wireless radio [44]. The

collected data is transmitted to our data center using a laptop connected to an embedded device

also equipped with an XBee wireless radio, a gateway node. The gateway node acts as an interface

between the sensor network and the data center. The data center processes and saves the received

data in a database. Sensor observations collected from different sensors are identified by unique IDs

assigned to the sensors. A customized website is used to retrieve the saved data from the database

and display the data in the form of graphs. Each group of students is able to track the data collected

from their sensors by selecting their sensor ID on the website.

43



Internet

Gateway Node

Data Monitor

Data Center

M
o

te
St

ac
ks

Figure 4.3: Sensor Network Architecture

4.3 Pilot Groups

We piloted this module with five classes from a local middle school, and four groups from

Emerging Scholars.

4.3.1 Local Middle School

The local middle school is a charter middle school, a nonprofit public school system operating

within the local public school district, with a mission to teach students “personal responsibility and

a compassion for their community through single gender classes and innovative teacher, parent,

and community collaborative learning [19].” The school provides challenging academic opportunities

through core curriculum, including English, Math, Science, History, and Foreign Language. To

increase self-esteem and help students realize the value of their potential contributions to society,

students participate in various service opportunities within their communities. This school enjoys a

large volunteer group comprising parent and community leaders. The pilot groups consisted of two

groups of seventh grade boys, two groups of seventh grade girls, and one group of eighth grade boys.

Each group was enrolled in a science course.

4.3.2 Emerging Scholars

The Emerging Scholars group consisted of two groups of juniors, and two groups of seniors.

A description of the Emerging Scholars program is provided in 2.2.1.
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4.4 Pilot Studies

In this section, we discuss two pilot studies conducted using the Sensors and Sensor Networks

module. We begin by describing three modifications to the evaluation instruments and methods used

in previous pilot studies. We then detail the evaluation of each of the two pilot studies.

4.4.1 Evaluation Modifications

During the analysis of the pilot studies discussed in Chapters 2 and 3, we identified three

evaluation instrument improvements, which were incorporated prior to piloting the Sensors and

Sensor Networks module. We briefly summarize each improvement.

First, previous pilot studies suggest the surveys were too long. The surveys for the Binary

Number System module and the Networks, Protocols, and Algorithms module consist of 15 and 13

Likert-style statements, respectively. An analysis of the survey responses revealed that students often

failed to complete the second page of the survey. In previous pilot studies, we attempted to correct

this problem by reminding students to complete both pages of the survey document. However,

student interest in completing the entire survey often appeared to wain, resulting in incomplete

surveys. Thus, it was determined that we needed to condense the pre- and post-survey statements

to one page [45]. We reduced the number of statements included on the pre- and post-survey

documents to eight statements.

The previous evaluation process also lacked a mechanism to ensure student accountability.

To assess content understanding during each pilot study, we administered a pre- and post-quiz.

However, in accordance with our approved Research Compliance Review Application with Clemson

University’s Institutional Review Board (IRB), students were told that their participation in our

program would not affect their course grade. We also told students that the pre- and post-quizzes

would not be seen by their course instructor. As an unintended result, there was no incentive for

students to participate in the learning process. From class observations, we found that most students

found the program engaging, evidenced by their willingness to participate. Inevitably, however, there

were several students that needed an incentive to participate. Therefore, we changed the current

IRB application by including a statement allowing the class instructor to assign homework, and to

test the students on the content taught in our pilot. To assist the course instructor, we provided

sample homework assignments, as well as test questions.
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Finally, we observed from previous pilot studies that the pilot groups often consist of students

with various degrees of academic abilities. As shown in Section 3.3.1, at least 15% of participants in

five out of the six pilot groups were identified by the school as needing special learning considerations.

Further, participating pilot groups are typically chosen by school administrators, rather than being

self-selected. It has been our observation that although the modules are engaging for most students,

there are often a few students who will not participate. To determine if these participants are

having a negative effect on the evaluation results, it is useful to identify the data collected from

these students. To provide a means of identifying these students, we developed two changes, one to

the evaluation instruments, and one to the collection process. First, we included questions on the

pre-quiz involving basic math principles, targeting at least two grades below the pilot group. Inability

or unwillingness to answer the questions assists in identifying students in the above categories. As

a change to the collection process, we modified the current IRB documents to allow students to put

their names on the evaluation instruments. We also asked the course instructor to provide a map

of seating assignments. Using observations and a map of student seating assignments, we identified

students who did not participate in the learning process, as well as students who appeared to have

special learning needs. This allowed us to perform the statistical analysis with and without these

students’ data to examine the impact they are having on the data.

4.4.2 Evaluation Instruments

We used two evaluation instruments for this module, administered both pre- and post-

treatment, consisting of a survey and a quiz. The survey consisted of 5 Likert-style statements,

shown in Listing 4.1, and 3 demographic questions on age, race, and gender. The statements’

Likert responses and weights are described in Section 2.3. Statements 1 and 2 are designed to

evaluate student interest in computer science, and statements 3-5 measure students’ self-efficacy

with respect to content understanding. The quiz consists of short answer, true/false, and multiple

choice questions, as shown in Listing 4.2, designed to assess students’ content understanding.

4.4.3 Local Middle School

During the spring of 2014, this pilot study engaged student participants from five single-

gender classes at a local middle school – three male and two female. For the remainder of this
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1. I would like to attend more outreach programs related to computer

science.

2. I might be interested in majoring in Computer Science in college.

3. I think I understand the importance of sensors and sensor networks

in computer science.

4. I think I understand how to make a sensor from common household

products.

5. I think I understand the principle function of a sensor.

Listing 4.1: Survey Statements

1. The principle function of a sensor is to ______ a physical or

environmental condition.

a) create b) ignore c) measure d) none of the above

2. When a sensor node in a wireless sensor network collects data

it sends the data to each sensor node in the network.

a) true b) false

3. An example of a sensor on the human body is a nose.

a) true b) false

4. A ___________ consists of a group of sensors that monitor

physical or environmental conditions and pass the data through

a network to a main location.

a) gateway network

b) sensor network

c) network of laptop computers

d) none of the above

5. A sensor can be constructed using common household products.

a) true b) false

6. Name two applications of a network of sensors.

Listing 4.2: Quiz Questions

chapter, the classes will be identified by their grade, section, and gender. As an example, 7AM

refers to seventh grade, section A, all male.

Lecture and Sensor Toy. As discussed in Section 4.1, the module was designed to span two

60-minute class periods. The class period for the middle school was 50 minutes. We consequently

met with the groups for three days each. On the first day, we administered the pre-survey and quiz,

presented the lecture, and assisted students in making a homemade moisture sensor, as described in

Section 4.1.1. On the second day, we presented the Sensor Testing and Making a Pressure Sensor

activities described in Section 4.1.2. On the third day, we began with a review of various concepts

presented during the lecture. Next, we discussed careers in CS, finishing with administering the

post-survey and quiz.
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1. Suppose you invited 12 friends to a pizza party. Assuming

each person will eat 3/8 of a pizza , what is the MINIMUM number

of pizzas you will need to purchase. Please show your work.

2. Add 3/10 + 4/100. Please show your work.

3. Multiply 147 X 32. Please show your work.

Listing 4.3: Local Middle School - Age Appropriate Math Questions

Evaluation. The evaluation instruments are described in Section 4.4.2. A statistical analysis was

completed to determine whether there was a statistically significant change in response data for

statements 2-5. Students were unable to rate statement 1 when completing the pre-survey; only the

post-survey was considered. A two-sample F-test was performed to determine if the variance was

equal. Based on the determination of the F-test for variance, the appropriate t-test was performed

to determine if there was a significant change in mean between the pre and post data sets (p-level

was 5%). The statistical analysis was performed on three subsets of the data. First, an analysis

was performed on all of the student data, shown in Table 4.3, referred to as the aggregate table.

Next, recall we included three basic math questions on the pre-quiz, shown in Listing 4.3 . Only

data from students that answered at least two of the three math questions correctly were used in the

analysis summarized in Table 4.4, referred to as the high table. Finally, we performed an analysis

on data from students who answered at most one question correctly, shown in Table 4.5, referred

to as the low table. For each of the tables, the first column denotes the survey statements, shown

in Listing 4.1. The second, fourth, sixth, eighth, and tenth columns list the average scores for each

statement of the pre-survey, across all pilots. The third, fifth, seventh, ninth, and eleventh columns

list the average scores for each of the post-survey statements. The post-survey scores shown in

bold denote a statistically significant change in the mean response. With respect to the aggregate

data, Table 4.3 shows that of the 25 statistical analyse performed, 19 (76%) indicate statistically

significant changes of mean. The 5 statements are categorized into two groups, two statements were

related to interest in computer science (statements 1-2), and three statements to student self-efficacy

(statements 3-5). In the following subsections, we discuss the aggregate survey analysis, and the

pre- and post-quiz score analysis. Finally, we consider the impact students identified to have special

learning considerations or students who were unwilling to participate in the learning process are

having on the data.
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Interest in Computer Science. Statement 1 was designed to gauge student interest in computer

science and Statement 2 was designed to gauge student attitudes toward computer science as a career

choice. Table 4.3 shows that overall, the program had a positive impact on student attitudes toward

computer science. Students could not answer Statement 1 until completion of the program; only

post-survey data was considered. Post-survey means for Statement 1 ranged from 3 to 4.2. Recall

that a score of 3 represents moderate disagreement, and 4 represents moderate agreement. With

the exception of 8AM, all groups had a median score of 4 or above. The analysis for Statement 2

showed an increase in post-survey means across all pilots ranging from 3.05 to 4.4, with 2 out of 5

(40%) indicating a statistically significant increase. With the exception of 7BF, all groups showed a

median score of 4 or above.

Content Understanding. Statements 3-5 gauge student self-efficacy with respect to the content

taught. Overall, 100% of post-survey means (across all pilots) showed a significant increase. The

range for all statements was 3.9 to 5.

Content Quiz. The content quiz consisted of six multiple choice, true-false, and short answer

questions designed to gauge students’ understanding of the material taught. Students were asked

to complete the quiz prior to the lecture, and again after the completion of the program. As shown

in Table 4.3, all of the pilot groups showed an increase in post-quiz means, of which 2 (40%) were

statistically significant increases. The post-quiz scores fell between 70% to 83%.

Impact of Low Performers. To determine the impact students with special learning considera-

tions may have had on the aggregate evaluation results, we performed a secondary analysis focusing

on data collected from students who correctly answered at least two of the three math questions

included on the pre-quiz. The results are shown in Table 4.4. A review of this high table indicates

that there was little difference from the results shown in Table 4.3, aggregate. This suggests that

the impact of the low performers on the aggregate data was minimal. To confirm this assessment,

we performed a statistical analysis on the data from students that did not answer at most one of

the three math questions correctly on the pre-quiz. The results are shown in Table 4.5. Next, we

took the difference between the high and low results, shown in Table 4.6; parentheses indicates a

negative difference. Finally, we calculated the average change of post scores for each statement and

quiz, across all pilot groups. The results are shown in Table 4.1. The average change was in the

49



Survey Statement Average High-Low
Change

S1 .03
S2 .15
S3 .04
S4 .02
S5 .13

Quiz 7

Table 4.1: Langston Middle School - Average Change of High/Low Difference (across all groups)

range of .02 to .15 on a six point scale. This suggests that students who answered fewer than two of

the three questions correctly had a minimal impact on the evaluation results. In fact, this indicates

that the teaching approach, relying on serious toys, is an effective approach for both high and low

performers.

Table 4.6 shows that, with the exception of the quiz, all 8AM post differences were negative.

Table 4.7 shows there were 4 students in the low group, and 12 in the high group. A review of the

original post-survey statements for students in the low group reveals that one student scored strongly

agree (6) on all of the survey statements, and two students scored agree (5) on statements 3-5. A

review of original post-surveys for the 12 students in the high group did not reveal evidence of

similar scoring patterns. We speculate that this is an indication that these students showed a lack

of engagement when completing the post-survey. In conclusion, the analyses indicate the program

is having a positive impact. Largely, the groups show a positive attitudinal shift in interest toward

CS as a career. All groups show an increase in self-efficacy with respect to content understanding.

The post-quiz and module-specific quizzes indicate that students understood the material taught.

4.4.4 Emerging Scholars

During the summer of 2014, this pilot study engaged student participants from four groups,

two each of junior and senior Emerging Scholars. The junior sections will be referred to as ES14Ja

and ES14Jb, and the seniors as ES14Sa and ES14Sb.

Lecture and Sensor Toy. Recall that the module was designed to span two 60-minute class

periods. The Emerging Scholars’ class periods were 75-minutes each. We consequently met with

these groups over two-day periods. On the first day, we administered the pre-survey and quiz,

presented the lecture, and assisted students in making a homemade moisture sensor, as described in

Section 4.1.1. On the second day, we presented the Sensor Testing and Making a Pressure Sensor
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1. Suppose you invited 12 friends to a pizza party. Assuming

each person will eat 3/8 of a pizza , what is the MINIMUM number

of pizzas you will need to purchase. Please show your work.

2. Multiply 15.3 X 23.21. Please show your work.

3. Suppose you work for ABC Corporation making $12.50 an hour.

You have just been told you are getting a 10 percent raise.

What is your new hourly pay? Please show your work.

Listing 4.4: Emerging Scholars - Age Appropriate Math Questions

activities described in Section 4.1.2. We discussed careers in CS and concluded with administering

the post-survey and quiz.

Evaluation. The evaluation instruments used in this pilot study were the same as those used

in the Local Middle School pilot described in Section 4.4.2, with the exception of the three math

questions included on the pre-quiz. The Emerging Scholars math questions are shown in Listing 4.4.

The corresponding statistical analysis is described in Section 4.4.3. Tables 4.8, 4.9, and 4.10 detail

the results of the three statistical analyses performed on the Emerging Scholars’ data. For each of

the three tables, the first column represents the survey statements found in Listing 4.1. The second,

fourth, sixth, and eighth columns list the average scores for each statement of the pre-survey, across

all pilots. The third, fifth, seventh, and ninth columns list the average scores for each statement of

the post-survey. The post-survey scores shown in bold denote statistically significant changes in the

mean response. With respect to the aggregate data, Table 4.8 shows that of the 20 statistical analyses

performed across all pilots, 12 (60%) indicate statistically significant changes. The 5 statements fall

into two groups, assessing interest in computer science (Statements 1-2) and content understanding

(Statements 3-5), respectively.

Interest in Computer Science. The range of means for Statement 1 was 3.27 to 3.91. The

median response for Statement 1 was 3 (moderately disagree) for ES14SB. The median response

for each of the remaining groups – ES14SA, ES14JA, ES14JB – was 4 (moderately agree). The

post-survey means for Statement 2 ranged from 2.73 to 3.68. Although none of the post-survey

means were statistically significant, all groups showed an increase in interest in computer science.

Further, both ES14Ja and ES14Jb had a post-survey median score of 4.
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Survey Statement Average High-Low
Change

S1 .32
S2 .07
S3 -.02
S4 -.48
S5 .26

Quiz 6

Table 4.2: Emerging Scholars - Average Change of High/Low Difference (across all groups)

Content Understanding. Of the fifteen post-survey means across all groups, 100% showed a

statistically significant increase in self-efficacy for Statements 3-5. The post-survey scores ranged

from 4.18 to 5.

Content Quiz. The content quiz consisted of six true/false, multiple choice, and short answer

questions. Each question was designed to gauge students’ understanding of the material taught.

Post-quiz means ranged from 70 to 78 percent. Across all groups, the post-quiz means showed a

statistically significant increase, as one would expect.

Impact of Low Performers. A review of Tables 4.8 and 4.9 indicates there were minimal changes

between the aggregate and high post-survey means. We took three additional steps to this assessment.

First, we performed a statistical analysis on the data from students who did not answer at least

two of the math questions correctly on the pre-quiz, as shown in Table 4.10. Next, we took the

difference between the high and low results, shown in Table 4.11; parentheses indicate a negative

difference. Finally, we calculated the average change of post scores for each statement and quiz,

across all groups, shown in Table 4.2. The average change was in the range of -.48 to .32 on a 6

point scale. This indicates that students who answered no more than one math questions correctly

had a minimal impact on the aggregate results.

In summary, the evaluation results suggest that the program had a positive impact. Students

showed positive shifts in their attitudes toward CS. Post-means indicate that students understood

the material taught. Further, the results suggest that the teaching approach applies equally well to

both high and low performers.
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4.5 Conclusion

We are surrounded by new technologies designed to enhance our standard of life – cell

phones, household appliances, medical monitoring systems, security systems, and other innovations.

Each relies fundamentally on sensors. Research and development in sensors and sensors networks

is increasingly common, evidenced by more than 200 journals and conferences in the area [90].

Recognizing the importance of sensors in society and the importance of sensors and sensor networks

in computer science, we chose the topics of sensors and sensor networks as the focus of the final

curriculum module. The module includes a lecture component, demonstrations, hands-on activities,

and a serious toy to support the concepts taught. We piloted the program with five middle school

groups and four groups of high school students. The evaluations are largely positive. One particularly

exciting outcome is that the teaching approach, focused on serious toys, applies equally well both

to high and low performers.

53



Survey 7AM 7AM 7BF 7BF 7CF 7CF 7DM 7DM 8AM 8AM
Statement pre post pre post pre post pre post pre post

S1 – 4.2 – 3.4 – 4 – 3.9 – 3
S2 3.24 4 2.25 3.05 2.55 3.75 3.25 4.4 2.63 3.5
S3 3.45 5 2.9 4.65 3.15 5 3.55 4.55 2.63 4.94
S4 2.48 4.29 1.9 4.35 2.05 4.7 2.5 3.9 1.63 4.63
S5 3.5 4.84 2.55 4.6 3.05 4.9 3.7 4.6 3.19 4.81

Quiz 61 82 63 73 52 83 65 70 67 77

Table 4.3: Langston Middle School - Aggregate Pre/Post-Survey and Quiz Means

Survey 7AM 7AM 7BF 7BF 7CF 7CF 7DM 7DM 8AM 8AM
Statement pre post pre post pre post pre post pre post

S1 – 4.24 – 3.33 – 4.12 – 3.94 – 2.75
S2 3.47 4.18 1.83 3 2.59 3.76 3.29 4.53 2.42 3.25
S3 3.65 5 2.92 4.92 3.18 5.05 3.47 4.47 2.58 4.83
S4 2.47 4.29 1.5 4.42 2 4.76 2.53 3.94 1.33 4.42
S5 3.94 5 2.33 5 3.24 5 3.76 4.47 3.08 4.58

Quiz 63 84 67 76 51 82 66 71 72 79

Table 4.4: Langston Middle School - High Pre/Post-Survey and Quiz Means

Survey 7AM 7AM 7BF 7BF 7CF 7CF 7DM 7DM 8AM 8AM
Statement pre post pre post pre post pre post pre post

S1 – 4 – 3.5 – 3.33 – 3.67 – 3.75
S2 2.25 3.25 2.88 3.13 2.33 3.67 3 3.67 3.25 4.25
S3 2.33 5 2.88 4.25 3 4.67 4 5 2.75 5.25
S4 2.5 4.25 2.5 4.25 2.33 4.33 2.33 3.67 2.5 5.25
S5 1.75 4.25 2.88 4 2 4.33 3.33 5.33 3.5 5.5

Quiz 54 75 52 66 56 87 61 67 52 71

Table 4.5: Langston Middle School - Low Pre/Post-Survey and Quiz Means

Survey 7AM 7AM 7BF 7BF 7CF 7CF 7DM 7DM 8AM 8AM
Statement pre post pre post pre post pre post pre post

S1 – .24 – (.17) – .79 – .27 – (1.0)
S2 1.22 .93 (1.05) (.13) .26 .09 .29 .86 (.83) (1.0)
S3 1.32 0 .04 .67 .18 .48 (.53) (.53) (.17) (.42)
S4 (.03) .04 (1.0) .17 (.33) .43 .20 .27 (1.17) (.83)
S5 2.19 .75 (.55) 1.0 1.24 .67 .43 (.86) (.42) (.92)

Quiz 9 9 15 10 (5) (5) 5 4 20 8

Table 4.6: Langston Middle School - High/Low Difference

7AM 7BF 7CF 7DM 8AM
Number of participants 21 20 20 20 16
Students in low group 4 8 3 3 4
Percentage 19% 40% 15% 15% 25%

Table 4.7: Langston Middel School - Percentage: Low Performers/Participants
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Survey ES14SA ES14SA ES14SB ES14SB ES14JA ES14JA ES14JB ES14JB
Statement pre post pre post pre post pre post

S1 – 3.83 – 3.27 – 3.91 – 3.78
S2 3.17 3.58 2.64 2.73 3.23 3.68 3.33 3.67
S3 3.42 4.92 2.73 4.18 2.64 4.73 3.19 4.76
S4 2.08 4.92 1.82 4.18 1.77 4.45 2.24 4.48
S5 3.17 5 3.27 4.45 2.2 4.5 2.86 4.81

Quiz 50 72 67 70 43 76 54 78

Table 4.8: Emerging Scholars - Aggregate Pre/Post-Survey and Quiz Means

Survey ES14SA ES14SA ES14SB ES14SB ES14JA ES14JA ES14JB ES14JB
Statement pre post pre post pre post pre post

S1 – 3.71 – 4.04 – 3.71 – 4.04
S2 4 4 2.6 2.2 3.43 3.71 3.54 3.92
S3 3.67 4.67 2.6 4.2 2.29 5 3.08 4.62
S4 1.67 5.33 2.2 4 1.29 4.14 2.38 4.46
S5 4.3 5 3.8 4.6 2 4.71 3 4.85

Quiz 50 78 53 80 48 75 58 78

Table 4.9: Emerging Scholars - High Pre/Post-Survey and Quiz Means

Survey ES14SA ES14SA ES14SB ES14SB ES14JA ES14JA ES14JB ES14JB
Statement pre post pre post pre post pre post

S1 – 3.89 – 3.17 – 4.15 – 3.38
S2 2.89 3.44 2.67 3.17 3.23 3.69 3 3.25
S3 3.33 5 2.83 4.17 3 4.62 3.56 4.89
S4 2.22 4.78 1.5 4.33 2.08 4.62 2 4.5
S5 2.78 5 2.83 4.33 2.36 4.45 2.63 4.75

Quiz 50 69 58 64 39 83 48 73

Table 4.10: Emerging Scholars - Low Pre/Post-Survey and Quiz Means

Survey ES14SA ES14SA ES14SB ES14SB ES14JA ES14JA ES14JB ES14JB
Statement pre post pre post pre post pre post

S1 – .18 – .87 – (.44) – .66
S2 1.11 .56 (.07) (.97) .20 .02 (.54) .67
S3 .34 (.33) (.23) .03 (.71) .38 (.48) (.27)
S4 (.55) (.55) .70 (.33) (.79) (.48) (.38) (.04)
S5 1.52 0 .97 .27 (.36) .26 .37 .10

Quiz 0 9 (5) 16 9 (8) 10 5

Table 4.11: Emerging Scholars - High/Low Difference
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Chapter 5

Combined Program

While the modules described in Chapters 2, 3, and 4 are designed to enable incremental,

independent adoption, together they form a coherent thread of instruction. To evaluate the effective-

ness of the combined program in positively impacting students’ content understanding and attitudes

toward computer science, we piloted the program using all three modules.

Depending on participants’ class schedules, the combined program spans 8-10 days. Local

middle school class periods are shorter than local high school periods – 40 minutes for middle

schoolers, and 70 minutes for high schoolers. On the first day of the program, we introduce ourselves

and administer the pre-evaluation instruments described in Sections 5.2.1.1 and 5.2.2.1. The next six

to eight days consist of lecture, and activities, beginning with the Binary Number System module,

followed by the Networks, Protocols, and Algorithms module, and finally, the Sensors and Sensor

Networks module. The last day of the program begins with a short review of each module and a

discussion on careers in computing. Students are then given a hands-on opportunity to play with,

explore, and ask questions about the serious toys. The program concludes with the administration

of the post-evaluation instruments described in Sections 5.2.1.1 and 5.2.2.1.

Program Modifications. The GSR activity described in Section 3.1.3 is typically a component of

the (independent) Networks, Protocols, and Algorithms module. Combined with the other modules,

however, the GSR sensor demonstration is a better fit for the Sensors and Sensor Networks module.

Hence, in the combined program, we move the activity to this module.
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5.1 Pilot Groups

We piloted the combined program with two local middle schools and a local high school –

six groups from the first middle school, five from the second, and one from the high school.

5.1.1 Local Middle Schools

The first participating middle school is described in Section 3.2.1. The pilot groups consisted

of two classes each from the sixth, seventh, and eighth grades. The groups were chosen from a

technology exploratory course. This course consists of two tracks – Introduction to Careers and

Gateway to Technology. The two sixth grade classes participated in Introduction to Careers, where

students explore careers in STEM fields. The seventh and eighth grade groups participated in

Gateway to Technology, which provides an introduction to various topics in engineering, including

robotics, 3D modeling, and other topics. The second participating middle school is a charter middle

school described in Section 4.3.1. The pilot groups consisted of five single-gendered science classes.

5.1.2 Local High School

The participating high school is one school within a K-12 charter system. The school

qualifies as a Title 1 institution, with a high percentage of at-risk students. The school system has

approximately 800 students, with 95% living in poverty. The pilot group consisted of eighth, ninth,

and tenth grade students enrolled in a geometry course.

5.2 Pilot Studies

In this section, we discuss three pilot studies. The first two were conducted during the

fall of 2013. After minor modifications to the evaluation procedure and instruments, discussed in

Section 4.4.1, the third pilot was conducted in the spring of 2014.

5.2.1 Fall 2013

During the fall of 2013, the combined modules were piloted with the first local middle school

described in Section 5.1.1, and the local high school described in Section 5.1.2.
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1. I would like to attend more outreach programs related to CS.

2. I might be interested in majoring in CS in college.

3. I think I understand the importance of binary numbers in CS.

4. I think I understand the concept of a binary numbering system.

5. I think I know the definitions of a network , a protocol , and

an algorithm.

6. I think I understand the importance of networks , protocols ,

and algorithms in CS.

7. I Think I understand the importance of sensors and sensor

networks in CS.

8. I think I understand what sensors are used for.

Listing 5.1: Survey Statements

5.2.1.1 Evaluation Instruments

The evaluation instruments consisted of a survey and multiple quizzes. The survey and a

quiz was administered on the first and last day of the program. After completion of each of the

three modules, a module-specific quiz was administered. The survey was designed to determine

student attitudes toward CS, and students’ self-efficacy with respect to their understanding of the

material covered. It consisted of eight Likert-style statements, shown in Listing 5.1. The response

weights are described in Section 2.3. The quizzes consisted of true/false, multiple choice, and free

response questions designed to evaluate student understanding of the material covered. The pre-

and post-quiz, shown in Listing 5.2, consisted of 8 questions, 3 pertaining to The Binary Number

System module, 3 pertaining to the Networks, Protocols, and Algorithms module, and 2 pertaining

to the Sensors and Sensor Networks module. The additional quizzes were administered after the

completion of each module and consisted of 6-8 questions specific to the module.

5.2.1.2 Local Middle School

The middle school classes are referred to by their grade and class section; e.g., 6A refers

to sixth grade, section A. For this pilot, each class period was approximately 40 minutes long; the

study spanned ten days. Table 5.1 summarizes the total student participation on the first and

last day of the program and the number of students identified by the school as needing special

learning considerations. In total, 155 participants completed the pre-survey and quiz, and 126

participants completed the post-survey and quiz. Survey and quiz results were only considered if

participants completed both pre and post instruments. The table also shows that there were 20

participants with special learning considerations. The evaluation process was anonymous; therefore,
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1. A group of entities connected together using a communication

channel is called a ______.

a) Forest b) Post Office c) Network d) Station

2. A(n) ______ is a set of planned actions to complete a

given task.

a) Algorithm b) Program c) Job d) Instruction

3. A set of rules for exchanging messages between two entities is

is called a(n) ______.

a) Algorithm b) Program c) Network d) Protocol

4. Decimal number 34 can be written as ______ in binary.

a) 11001 b) 10101 c) 100010 d) 11001

5. Perform the following binary addition.

1100

+0110

______

a) 1000 b) 0100 c) 1010 d) 0001

6. Perform the following binary subtraction.

1101

-1001

______

a) 1000 b) 0100 c) 1010 d) 0001

7. The Principle function of a sensors to create and measure an

environmental change.

a) True b) False

8. A Wireless Sensor Network is a group of sensor nodes that

collect data and send the data directly to a main computer.

a) True b) False

Listing 5.2: Pre-/Post-Quiz Fall 2013

these students received no additional help completing the pre- and post-survey, the pre- and post-

quiz, or supplemental content quizzes.

Evaluation. Table 5.2 summarizes the results of a statistical analysis of pre- and post-survey

results and pre- and post-quiz results for the middle school pilot groups. The first column of the

table refers to survey statement. The even-numbered columns list the average scores for the pre-

survey and quiz. The remaining columns list the average scores for the post-survey and the post-quiz.

The post averages shown in bold represent statistically significant increases. Statistical significance

was determined in the same manner described in Section 2.3. Statements 1 and 2 measure student

attitudes toward CS. The remaining six statements measure students’ self-efficacy with respect to

their understanding of the material covered. Table 5.3 shows the module-specific quiz means for
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Participants 6A 6B 7A 7B 8A 8B Total
First Day 23 22 26 29 29 26 155
Last Day 21 17 24 24 20 20 126
Special Considerations 3 2 3 4 6 2 20

Table 5.1: Local Middle - Fall 2013 - School Participation Information

Survey 6A 6A 6B 6B 7A 7A 7B 7B 8A 8A 8B 8B
Statements pre post pre post pre post pre post pre post pre post

S1 — 3.14 — 3.65 — 4.46 — 3.83 — 3.8 — 3.45
S2 3 2.81 2.94 3.06 4.21 4.29 3.67 3.71 2.85 3.65 2.95 3.85
S3 3.14 4.76 2.88 4 3.67 4.17 1.91 4.30 2.3 4.45 2.8 4.6
S4 2.41 4.52 2.41 4.06 3 4.3 1.96 4.5 2.05 4.5 2.5 4.5
S5 2.91 4.52 3.29 4.35 3.417 4.67 3 4.46 2.6 4.45 3.1 4.65
S6 3.33 4.48 3.83 4.5 3.83 4.58 3.58 4.04 2.52 4.8 2.9 4.95
S7 4 4.38 3.77 4.65 4.04 4.67 3.25 4.46 2.95 4.7 3.19 4.75
S8 3.62 4.95 3.81 4.94 4.04 4.67 3.71 4.13 3 4.3 3. 4.75

Combined Quiz 39 60 39 58 40 48 40 56 42 67 38 62
Rev. Combined Quiz 43 67 38 83 43 54 43 64 43 76 41 75

Table 5.2: Local Middle School - Fall 2013 - Pre-/Post-Survey Results

Module Specific Quiz 6A 6B 7A 7B 8A 8B

Binary 57 63 60 64 74 62
Network 83 62 68 66 76 73
Sensors 53 51 48 63 56 55
Revised Sensors 67 57 59 80 70 61

Table 5.3: Local Middle School - Fall 2013 - Module - Specific Quiz Means

each group. The following subsections discuss the analysis of the pre- and post-survey, pre- and

post-quiz, and the supplemental quizzes.

Interest in Computer Science. Statement 1 concerns the outreach program and could not be

answered until completion of the program; only post-survey data was considered. As shown in

Table 5.2, the average scores were mostly positive, ranging from 3.14 to 4.46, with a median of

4 (moderately agree) or above for all groups, except 6A. Statement 2, designed to gauge student

interest in CS as a career choice, saw increases for all groups, except 6A; none of the changes were

significant, however.

Content Understanding. Statements 3-8 were designed to gauge students’ self-efficacy with

respect to the material taught. Table 5.2 shows that across all groups, all response means increased,

with 78% (28 out of 36) of the means showing a statistically significant increase.

Content Quiz. Pre- and post-quizzes and module specific quizzes were used to measure content

understanding. The pre- and post-quiz means, shown in Table 5.2, indicate the quiz averages
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1. Decimal number 34 can be written as ______ in binary.

a) 11001 b) 10101 c) 100010 d) 11011

2. There is/are only ______ digit(s) in the binary number system.

a) 1 b) 2 c) 10 d) infinite

3. 1001 in binary is the same as ______ in decimal.

a) 7 b) 8 c) 10 d) 9

4. Perform the following binary addition.

1100

+ 0110

---------

a) 10100 b) 10010 c) 10000 d) 0100

5. Perform the following binary subtraction.

1101

- 1001

---------

a) 1000 b) 0100 c) 1010 d) 0001

6. Binary numbers are important in Computer Science. Why?

a) They are easier to learn.

b) They are best suited to represent the ON and OFF

states of electronic switches.

c) Decimal numbers are not that popular among computer

scientists and engineers.

Listing 5.3: Local Middle School - Fall 2013 - Supplemental Binary Module Quiz

increased across all groups, with 83% (5 out of 6) of the increases being statistically significant.

After the completion of each module, a supplemental quiz was administered. The module-specific

quizzes are shown in Listings 5.3, 5.4, and 5.5. The results shown in Table 5.3 indicate that

the supplemental quiz averages for the Sensors and Sensor Networks module were lower than the

averages for the Binary Number System and Networks, Protocols, and Algorithms modules. Further

investigation revealed that there were two questions on the Sensors and Sensor Networks module-

specific quiz that most students answered incorrectly. These questions were also included on the

pre- and post-quiz. It was determined that these questions were ambiguous; therefore, the averages

were re-calculated excluding these two questions. As indicated in Tables 5.2 and 5.3, the revised

scores increased, across the six groups by 11 points, on average. Considering that approximately

13% of the students participating on the first day of the pilot had special learning needs, the average

scores, across all groups, are mostly positive.

Overall, the data suggests that the combined program had a positive impact. Students

exhibited positive shifts in their attitudes toward CS as a discipline and as a career option. With
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1. A group of entities connected together using a communication

channel is called a ______.

a) Forest b) Post Office c) Network d) Station

2. A(n) ______ is a set of planned actions to complete a given task.

a) Algorithm b) Program c) Job d) Instruction

3. A set of rules for exchanging messages between two entities

is called a(n) ______.

a) Algorithm b) Program c) Network d) Protocol

4. If an unexpected event happens , a computer is smart and can

determine by itself what action it needs to take.

a) True b) False

5. Each computer in a network can use a different protocol and

still be able to communicate with all other computers on

the network.

a) True b) False

6. You must have a computer to form a network.

a) True b) False

7. It is important for each device/computer in a network to have a

unique identity.

a) True b) False

8. There are no problems associated with allowing one computer

in a network to control the actions of all other computers.

a) True b) False

9. A cable TV network is an example of a centrally managed network.

a) True b) False

10. The Internet is an example of a distributed computer system.

a) True b) False

Listing 5.4: Local Middle/High School - Fall 2013 - Supplemental Network Module Quiz

respect to content understanding, student post-means indicate that they were confident in their

understanding of the material taught.

5.2.1.3 Local High School

The high school pilot group, referred to as HS, consisted of 17 students, with 16 completing

both the pre- and post-surveys and pre- and post-quiz. Participants consist of 2 eighth, 11 ninth,

and 3 tenth grade students. The class period was approximately 70 minutes, the pilot spanned 8

days.

Evaluation. Table 5.4 depicts the means for pre- and post-survey and pre- and post-quiz for the

high school pilot group. Column one refers to the survey statements and the quiz. Columns two

and three list the average scores for the pre- and post-survey and pre- and post-quiz. As in the
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1. The principle function of a sensor is to create and measure and

environmental change.

a) True b) False

2. A Wireless Sensor Network is a group of sensor nodes that

collect data and send the data directly to a main computer.

a) True b) False

3. Your nose is a sensor.

a) True b) False

4. A/An ______ consist of spatially distributed sensors that monitor

physical or environmental conditions and pass the data through

a network to a main location.

a) Gateway Sensor Nodes

b) Wireless Sensor Network

c) Internet

d) Post Office

5. If a sensor node in a wireless sensor network breaks , any sensor

node that passes data to the broken sensor node must wait until

the broken sensor node is fixed before it can send data again.

a) True b) False

6. A homemade ______ can be made using plaster -of -paris , a straw ,

and two nails.

a) Motion sensor

b) Galvanic Skin Response Sensor

c) Soil Moisture Sensor

d) Pressure Sensor

Listing 5.5: Local Middle School/High School - Fall 2013 - Supplemental Sensor Module Quiz

earlier pilots, the post averages shown in bold represent statistically significant increases. Statistical

significance was determined in the same manner as discussed in Section 2.3. Survey Statements 1

and 2 measure student attitudes toward CS. The remaining six statements measure students’ self-

efficacy with respect to their understanding of the material covered. Table 5.5 show the results of

the module-specific quiz averages.

Interest in Computer Science. Only post-survey data was considered for Statement 1. Table 5.4

shows that, on average, students would like to participate in more CS outreach. Statement 2 results

show that student interest in CS appears to have increased, though the change is not statistically

significant. The post average for Statement 2 responses was 3.9 (median score of 4). A closer

examination of the data indicates that 10 out of 16 students’ post responses were 4 or higher,

compared to 8 out of 16 of the pre responses. This indicates an increase in student interest in

majoring in CS in college.

63



1. Decimal number 34 can be written as ______ in binary.

a) 11001 b) 10101 c) 100010 d) 11011

2. There is/are only ______ digit(s) in the binary number system.

a) 1 b) 2 c) 10 d) infinite

3. 1001 in binary is the same as ______ in decimal.

a) 7 b) 8 c) 10 d) 9

4. What is the largest decimal number that can be represented

using 4 binary digits?

a) 15 b) 17 c) 14 d) 33

5. Can you represent decimal number 18 using 4 bits?

(Please provide a reason for you answer .)

a) True b) False Reason: ______

6. Perform the following binary addition.

1100

+ 0110

---------

a) 10100 b) 10010 c) 10000 d) 0100

7. Perform the following binary subtraction.

1101

- 1001

---------

a) 1000 b) 0100 c) 1010 d) 0001

8. Binary numbers are important in Computer Science. Why?

a) They are easier to learn.

b) They are best suited to represent the ON and OFF

states of electronic switches.

c) Decimal numbers are not that popular among computer

scientists and engineers.

Listing 5.6: Local High School - Fall 2013 - Supplemental Binary Quiz

Content Understanding. Statements 3-8 were designed to gauge student content understand-

ing. Table 5.4 shows that 100% of post-survey results indicate a statistically significant increase in

students’ self-efficacy with respect to their understanding of the material taught. The post-survey

means range from 5.19 to 5.56, where 5 represents agree.

Content Quizzes. Table 5.4 shows a statistically significant increase in the post-quiz average.

Table 5.5, shows the average score for the supplemental quizzes, administered after the completion

of each module. The supplemental quizzes are shown in Listings 5.4, 5.5 and 5.6. The results, from

both tables, show that students understood the material taught. Similar to the middle school pilot

groups, many of the high school students incorrectly answered one or both of the two ambiguous

questions on the sensor quiz. The questions were again discarded, increasing the post-quiz score by

22 points, and the supplemental sensor quiz average by 32 points.
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Survey Local High School Local High School
Statement pre post

S1 — 4.47
S2 3.31 3.94
S3 2.5 5.31
S4 2.31 5.31
S5 2.88 5.44
S6 3 5.19
S7 3.13 5.19
S8 3.5 5.56

Combined Quiz 48 70
Revised Combined Quiz 55 92

Table 5.4: Local High School - Fall 2013 - Pre-/Post-Survey and Quiz Results

Module-Specific Local High School
Quiz Average Scores

Binary 79
Network 79
Sensors 58
Revised Sensors 90

Table 5.5: Local High School - Fall 2013 - Module-Specific Quiz Means

In conclusion, the analysis suggests that the pilot had a positive impact on student attitudes

toward CS. On average, students exhibited high self-efficacy with respect to the content taught. Quiz

averages also indicate that students understood the material taught.

5.2.2 Spring 2014

During the spring of 2014, the combined program was piloted with five single-gendered

classes at a local middle school – three male and two female. The groups are identified by their

grade, section, and gender; e.g., 6AF refers to sixth grade, section A, female. The class periods were

approximately 50 minutes; the program spanned 10 days.

5.2.2.1 Evaluation Instruments

The evaluation instruments were the same as previous pilots. The pre- and -post-survey

includes eight Likert-style statements, shown in Listing 5.1. The response weights were the same as

in previous pilot studies. The pre- and post-quiz and supplemental quizzes consisted of the same

types of questions as in previous pilots. However, prior to beginning of this pilot, all quizzes were
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1. Decimal number 42 (base 10) can be written as ______ in binary

(base 2). Please show your work.

a) 110010 b) 101010 c) 100010 d) 110110

2. Perform the following binary addition.

1110

+0110

______

a) 1000 b) 0100 c) 1010 d) 0001

3. Each computer in a network can use a different protocol and still

be able to communicate with all other computers in the network.

a) True b) False

4. An algorithm consists of a set of step -by -step instructions.

These instructions must always be completed in a specific order.

a) True b) False

5. The principle function of a sensor is to ______ change.

a) create b) detect c) correct d) none of the above

6. A sensor can be constructed using common household products.

a) True b) False

Listing 5.7: Local Middle School - Spring 2014 - Pre-/Post-Quiz

1. Suppose you invited 12 friends to a pizza party. Assuming

each person will eat 3/8 of a pizza , what is the MINIMUM number

of pizzas you will need to purchase. Please show your work.

2. Add 3/10 + 4/100. Please show your work.

3. Multiply 147 X 32. Please show your work.

Listing 5.8: Local Middle School - Spring 2014 - Age Appropriate Math Questions

modified to correct the ambiguous questions described in Section 5.2.1. The pre- and post-quiz,

shown in Listing 5.7, consisted of 6 questions, 2 pertaining to The Binary Number System module, 2

pertaining to the Network, Protocols, and Algorithms module, and 2 pertaining to the Sensors and

Sensor Networks module. As described in Subsection 4.4.1, three age appropriate math questions,

shown in Listing 5.8, were added to the pre-quiz. The supplemental quizzes administered after the

completion of each module consisted of 6-8 questions specific to the module, as shown in Listings 5.9,

5.10, and 5.11.

Evaluation. A statistical analysis of the pre- and post-survey and pre- and post-quiz was per-

formed across three subsets of data. First, an analysis was performed on all student data. The

results are shown in Table 5.6, referred to as the aggregate table. Next, only data from students who

answered at least two of the three math questions correctly were used in the analysis summarized
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in Table 5.7, referred to as the high table. Finally, an analysis was performed on data from students

who did not answer at least two of the three math questions correctly. The results are shown in

Table 5.8, referred to as the low table. For each of the tables, the first column denotes the survey

statements, shown in Listing 5.1 and the quiz, shown in Listing 5.7. The even-numbered columns

show the average scores for each statement of the pre-survey. The post-survey average scores are

listed in the remaining columns. Statistical significance was determined in the same manner as

discussed in Section 2.3. The aggregate table shows that of the 40 statistical analyses performed,

35 (88%, across all groups) indicate a statistically significant increase of the mean. The eight state-

ments are categorized in two groups, concerning interest in CS and student self-efficacy, respectively.

Tables 5.10, 5.11, 5.12 and 5.13 show the means for the module-specific quizzes for each group.

Interest in Computer Science. As shown in Table 5.6, post-survey means for Statement 1

ranged from 2.35 to 3.76 (moderately disagree). Three of the five groups had a median score of 4

(moderately agree). Analysis of Statement 2 showed that 3 of the 5 (60%) groups’ survey response

means increased, though not significantly. Statement 2 had a median score of 4 for two of the groups.

Content Understanding. Statements 3-8 gauge student self-efficacy with respect to the content

taught. All post-survey means across all pilots showed a significant increase. The range for all

statements was 4.52 to 5.30.

Content Quizzes. Table 5.6 shows 100% of post-quiz means increased significantly. Post-quiz

scores ranged between 66% and 75%. At the conclusion of each module, students completed a

supplemental quiz, shown in Listings 5.9, 5.10, and 5.11. The means shown in Table 5.10, ranged

between 73% to 83% for the Binary Number System module, 60% to 76% for the Networks, Protocols,

and Algorithms module, and 72% to 87% for the Sensors and Sensor Networks module.

Impact of Low Performers. An analysis of the data from students who correctly answered at

least two of the three math questions included on the pre-quiz shown in Table 5.7 revealed there

was little difference between the high and aggregate tables. This suggests that the impact of low

performers was minimal. A statistical analysis was performed on data from students who did not

correctly answer at least two of the supplemental math questions; results are shown in Table 5.8.

Next, we calculated the difference between the high and low results; the results are shown in Table 5.9.
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As in previous pilots, parentheses indicate a negative difference. Finally, we calculated the average

change in post scores for each statement and quiz, shown in Table 5.14. The range of change for

post-survey statements falls between -.50 and .04 on a six point scale. Note that seven of the eight

changes are negative. In fact, 75% of the post-survey means shown in Table 5.9 are negative. This

indicates that students in the low category scored higher than those in the high category, suggesting

that students in the low category exhibited high self-efficacy. However, the post-quiz scores indicate

students in the high category had a better understanding of the material taught. Table 5.9 shows

only 20% of the post-quiz scores were negative. This indicates students in the high group scored

higher on the post-quiz. Tables 5.10, 5.11, and 5.12 show the average module-specific quiz scores for

the aggregate, high, and low data sets, respectively. Table 5.13 shows the difference between high

and low results on the module-specific quizzes. Note only 43% of the responses were negative. The

average change in module-specific quiz results is summarized in Table 5.15, with a range of -2 to

13 on a 100 point scale. The results again show that the combined program provides an effective

teaching approach for both high and low performers.

In summary, the analyses indicate that the program is having a positive impact. The

majority of groups showed a positive attitudinal shift in interest towards CS as a career. All groups

showed an increase in self-efficacy with respect to content understanding. Overall, post quiz averages

and module-specific quiz averages suggest that student, in both high and low performing groups,

understood the material taught.

5.3 Conclusion

Each module described in Chapters 2, 3, and 4 is designed to facilitate independent adop-

tion. However, when combined they form a coherent thread of instruction. We developed a combined

program to evaluate the effectiveness of the program in positively impacting students’ content un-

derstanding and attitudes toward computer science. We piloted the modules with two local middle

schools, and a local high school. The evaluations are largely positive across all groups.
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Survey 6AF 6AF 6BM 6BM 6CM 6CM 7AM 7AM 7BF 7BF
Statements pre post pre post pre post pre post pre post

S1 – 2.35 – 3.76 – 3.7 – 3.62 – 3.05
S2 2.05 2.10 3.24 3.38 3.5 3.25 2.90 3.24 3.14 2.67
S3 2.6 4.55 2.52 5.10 2.1 4.8 3.19 4.62 2.10 4.67
S4 2.05 5.05 2.19 5.10 1.9 4.8 2.57 4.48 1.67 4.52
S5 2.6 4.95 2.67 5 2.7 5 3.48 5.19 2.62 4.95
S6 2.7 4.8 3.19 5.24 2.9 5.15 3.81 4.95 2.52 4.90
S7 2.9 4.95 3.57 5 3.4 5.2 3.48 5.14 2.62 4.86
S8 3.25 4.9 4.29 5.14 4.2 5.3 3.3 5.2 2.95 5.19

Quiz 32 68 36 74 37 66 25 75 19 70

Table 5.6: Local Middle School - Spring 2014 - Aggregate - Survey and Quiz Means

Survey 6AF 6AF 6BM 6BM 6CM 6CM 7AM 7AM 7BF 7BF
Statements pre post pre post pre post pre post pre post

S1 – 2.14 – 3.76 – 3.63 – 3.4 – 2.92
S2 1.78 1.92 3.18 3.29 3.44 3.06 2.67 3.07 3.15 2.69
S3 2.43 4.43 2.53 5.06 2.19 4.56 3.2 4.53 2 4.62
S4 1.86 4.93 2.35 5.06 1.76 4.63 2.6 4.47 1.46 4.54
S5 2.57 4.93 2.53 5.06 2.47 5 3.33 5.2 2.31 4.92
S6 2.57 4.57 3 5.12 2.76 5.13 3.67 4.93 2.62 4.62
S7 2.43 4.86 3.35 5 3.24 5.19 3.33 5.13 2.39 4.69
S8 2.86 4.93 4.12 5.12 3.88 5.31 3.47 5.27 3.15 5.15

Quiz 30 71 38 78 33 66 27 77 21 72

Table 5.7: Local Middle School - Spring 2014 - High - Survey and Quiz Means

Survey 6AF 6AF 6BM 6BM 6CM 6CM 7AM 7AM 7BF 7BF
Statements pre post pre post pre post pre post pre post

S1 – 2.83 – 3.75 – 4 – 4.17 – 3.25
S2 2.69 2.5 3.5 3.75 3.75 4.0 3.5 3.67 3.13 2.63
S3 3 4.83 2.5 5.25 1.75 5.75 3.17 4.83 2.25 4.75
S4 2.5 5.33 1.5 5.25 2.25 5.5 2.5 4.5 2 4.5
S5 2.67 5 3.25 4.75 3.75 5 3.83 5.17 3.13 5
S6 3 5.33 4 5.75 2.75 5.75 4.17 5 2.63 5.38
S7 4 5.17 4.5 5 3.5 5.25 3.83 5.17 3 5.13
S8 4.17 4.83 5 5.25 4.75 5.25 2.8 5 2.63 5.25

Quiz 36 61 29 58 46 67 19 69 17 67

Table 5.8: Local Middle School - Spring 2014 - Low - Survey and Quiz Means

Survey 6AF 6AF 6BM 6BM 6CM 6CM 7AM 7AM 7BF 7BF
Statements pre post pre post pre post pre post pre post

S1 – (.69) – .01 – (.37) – (.77) – (.33)
S2 (.91) (.58) (.32) (.46) (.31) (.94) (.83) (.6) .02 .06
S3 (.57) (.4) .03 (.19) .44 (1.19) .03 (.3) (.25) (.13)
S4 (.64) (.4) .85 (.19) (.49) (.87) .1 (.03) (.54) .04
S5 (.1) (.07) (.72) .31 (1.28) 0 (.5) .03 (.82) (.08)
S6 (.43) (.76) (1) (.63) .01 (.12) (.5) (.07) (.01) (.76)
S7 (1.57) (.31) (1.15) 0 (.26) (.06) (.5) (.04) (.61) (.44)
S8 (1.31) .1 (.88) (.13) (.87) .06 .67 .27 .52 (.1)

Quiz (6) 10 9 20 (12) (1) 8 8 4 5

Table 5.9: Local Middle School - Spring 2014 - High/Low - Difference - Survey and Quiz Means
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Module-Specific Quiz 6AF 6BM 6CM 7AM 7BF

Binary 77 78 74 83 73
Network 76 75 60 70 73
Sensor 81 80 83 88 67

Table 5.10: Local Middle School - Spring 2014 - Aggregrate - Module-Specific Quiz Means

Module-Specific Quiz 6AF 6BM 6CM 7AM 7BF

Binary 82 78 77 85 79
Network 75 73 59 71 73
Sensor 83 78 84 87 72

Table 5.11: Local Middle School - Spring 2014 - High - Module-Specific Quiz Means

Module-Specific Quiz 6AF 6BM 6CM 7AM 7BF

Binary 61 78 58 75 63
Network 81 79 63 67 71
Sensor 75 92 77 90 62

Table 5.12: Local Middle School - Spring 2014 - Low - Module-Specific Quiz Means

Module-Specific Quiz 6AF 6BM 6CM 7AM 7BF

Binary 21 0 19 10 16
Network (6) (6) (4) 4 2
Sensor (8) (14) 7 (3) 10

Table 5.13: Local Middle School - Spring 2014 - High/Low - Module-Specific Quiz Means

Survey Statement Average High-Low
Change

S1 -.43
S2 -.50
S3 -.44
S4 -.29
S5 -.04
S6 -.47
S7 -.17
S8 .04

Quiz 8

Table 5.14: Local Middle School - Spring 2014 - Average Change of High-Low Means

Module-Specific Average High-Low
Quiz Change

Binary 13
Network -2
Sensors -2

Table 5.15: Local Middle School-Spring 2014 - Module-specific - Average Change of High-Low Means
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1. Decimal number 34 (base 10) can be written as ______ in binary.

a) 11001 b) 10101 c) 100010 d) 11011

2. 1001 in binary is the same as ______ in decimal.

a) 7 b) 8 c) 10 d) 9

3. Perform the following binary addition.

1100

+ 0110

---------

4. Perform the following binary subtraction.

1101

- 1001

---------

5. Binary numbers are important in Computer Science. Why?

a) They are easier to learn.

b) They are best suited to represent the ON and OFF

states of electronic switches.

c) Decimal numbers are not that popular among computer

scientists and engineers.

6. Decimal number 34 (base 10) can be written as ______ in base 3.

Please show your work.

a) 1021 b) 1200 c) 1112 d) 1002

Listing 5.9: Local Middle School - Spring 2014 - Supplemental Binary Quiz

1. A group of entities connected together using a communication

channel is called a ______.

a) Forest b) Post Office c) Network d) Station

2. A(n) ______ is a set of planned actions to complete a given task.

a) Algorithm b) Program c) Job d) Instruction

3. A set of rules for exchanging messages between two entities

is called a(n) ______.

a) Algorithm b) Program c) Network d) Protocol

4. Each computer in a network can use a different protocol and

still be able to communicate with all other computers on

the network.

a) True b) False

5. There are no problems associated with allowing one computer

in a network to control the actions of all other computers.

a) True b) False

6. An algorithm consists of a set of step -by -step instructions.

These instructions must always be completed in a specific order.

a) True b) False

Listing 5.10: Local Middle School - Spring 14 - Supplemental Network Quiz
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1. The principle function of a sensor is to ______ a physical or

environmental condition.

a) Create b) Ignore c) Measure d) None of the above

2. When a sensor node in a wireless sensor network collects data

it sends the data to each sensor node in the network.

a) True b) False

3. An example of a sensor on the human body is a nose.

a) True b) False

4. A ______ consists of a group of sensors that monitor physical

or environmental conditions and pass the data through a network

to a main location.

a) Gateway Network

b) Sensor Network

c) Network of Laptop Computers

d) None of the above

5. A sensor can be constructed using common household products.

a) True b) False

6. Name two applications of a network of sensors.

Listing 5.11: Local Middle School - Spring 2014 - Supplemental Sensor Quiz
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Chapter 6

Related Work

In this chapter, we summarize three categories of related work. Section 6.1 discusses K-12

outreach efforts that focus on teaching computer science concepts using CS Unplugged activities,

and basic programming skills using the Scratch and Alice programming environments. Section 6.2,

first, discusses the use of digital manipulatives in K-12 outreach. Next, the use of virtual and

physical manipulatives in education is discussed. Section 6.3 discusses efforts to teach K-12 students

the specific computer science concepts incorporated in the curriculum modules being developed.

Section 6.4 discusses the pedagogical philosophy of Active Learning.

6.1 Outreach Efforts

For more than a decade, significant energy has been expended on computing programs

targeting K-12 students. In this section, we highlight programs that teach students computer science

concepts using the popular CS Unplugged [24] activities, and teach basic programming skills using

popular programming environments such as Scratch [54] and Alice [17], which are designed to make

programming accessible to K-12 students.

6.1.1 CS Unplugged

Similar to our curriculum modules, CS Unplugged modules are designed to teach specific

computer science concepts to K-12 students. CS Unplugged teaches these concepts using game and

puzzle-like activities. Our modules rely on a digital manipulative and are designed to appeal to

students of all learning styles.
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Mano et al. [60] introduce an outreach program designed to increase student interest in com-

puter science. They piloted their approach at a local middle school. Volunteers visited 4 classes for

approximately 45 minutes each month. Activities used in this program included disassembling and

reassembling a computer, learning how to program with Alice, and using CS Unplugged activities.

Survey results and volunteers’ observations suggest that the program had a positive impact on stu-

dent interest in computer science. Similar to their work, we evaluate the impact of our modules on

student interest in computer science. We are also interested in measuring students’ understanding

of the concepts being taught, as well as students’ interest in participating in additional computer

science outreach programs.

Lambert et al. [50] similarly report their experiences in introducing a set of CS Unplugged

activities to a group of fourth graders. The authors visited three classes once a week for 5 weeks;

each session was approximately 30 minutes. They conducted pre- and post-evaluations to assess

student interest in computer science and mathematics, as well as anxieties related to mathematics.

Survey results indicated that students’ interest in computer science increased, and their confidence

in their math skills increased, but their interest in math did not. Similarly, we evaluate the impact

of our modules on student interest in computer science.

Taub et al. [86] also focus on analyzing the impact of CS Unplugged activities on partic-

ipants’ views toward computer science. Their pilot program consisted of 13 seventh and eighth

grade students. Eighteen CS Unplugged activities were presented. The evaluation consisted of a

pre-survey, with no mention of a post-survey. Six students volunteered to participate in a structured

post-interview. The interview involved viewing images and discussing students’ thoughts on what

the images represented with respect to computer science. The authors concluded that CS Unplugged

activities had a positive effect on students’ views toward computer science, but that their effective-

ness could be improved. One suggested improvement was to strengthen students’ understanding of

the connections between the activities and computer science concepts being taught. The authors

also note that the activities do not adequately represent career opportunities in computer science.

In addition to measuring students’ attitudes toward computer science, we evaluate our modules’

effectiveness in improving content understanding.

We previously presented a year-long outreach program based on CS Unplugged activities

to groups of high school students [31]. The program consisted of 10 one-hour sessions repeated for

two semesters in an introductory programming course. The evaluation objectives were to evaluate
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the impact of the program on student attitudes toward computer science, and to evaluate the im-

pact of the program on students’ self-efficacy with respect to the content being taught. Evaluation

instruments consisted of pre- and post-surveys. Using a quasi-experimental, nonequivalent control

group design, the surveys were used to evaluate the impact of a semester-long outreach program,

repeated for two consecutive semesters. With the exception of a self-efficacy question pertaining

to the definition of an algorithm –“I think I could explain what an “algorithm” is.”– the evalua-

tion indicated that the program had no statistically significant impact on student attitudes toward

computer science, nor students’ perceived content understanding (i.e., self-efficacy). This program

relied on the CS Unplugged game activities, without the use of computers or digital manipulatives.

Our proposed modules teach specific computer science concepts using digital manipulatives, as well

as using lectures and demonstrations.

6.1.2 Programming Concepts

Recognizing the potential of computing in the early 1960’s, researchers began developing

programming languages and environments designed to increase interest in computer programming.

In 2005, Kelleher and Pausch [47] provided a taxonomy of available programming environments

for novice programmers of all ages. Based on the intended use of each system, the environments

are grouped into two categories. The first set is designed to teach programming. The second set

of systems use programming to empower people to build things that are tailored to their needs.

Since then, many other environments have been developed. In this section, we explore outreach

and training efforts that use specialized programming languages and environments created to teach

early learners basic programming skills, and to develop computational thinking skills. We discuss

research efforts that use Scratch [54], a 2D drag-and-drop block style programming language, as well

as Alice [17], a 3D drag-and-drop block style programming language. Although these outreach and

training efforts are designed to teach computer programming skills rather than specific computer

science concepts, as our modules are designed to do, we include them for completeness. Scratch

Scratch is a 2D visual programming platform that allows the user to drag-and-drop blocks of code

that snap together to form a set of instructions. The environment allows students as young as age 6 to

explore computer programming through the creation of animated games or stories. Our curriculum
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modules focus on introducing specific computer science concepts, relying on digital manipulatives

rather than focusing exclusively on programming.

Lewis [53] describes an effort designed to evaluate student attitudes toward programming, as

well as their ability to interpret loops and conditional statements after using Scratch and Logo [56].

A total of fifty 10-12 year old students were enrolled in a 12-day summer enrichment program. For

the first 6 days of the program, approximately half of the students were taught programming using

Scratch, while the remaining students were taught using Logo. At the end of the sixth day, the groups

switched languages. Although this program spanned 12 class periods, the evaluation focused only

on the first 6 days of the program, comparing the effectiveness of Scratch and Logo. Since Scratch

is a drag-and-drop block style programming language with a strong visual component, and Logo is

text-based with no visual component, the author hypothesized that the students who learned Scratch

would indicate a more positive attitude toward programming and would demonstrate an increase in

self-efficacy in interpreting loops and conditional statements [53]. However, the evaluation indicated

that on average, students using Logo had higher confidence in their programming abilities, but

students using Scratch showed a better understanding of conditional constructs. With respect to

learning loops and the likelihood of participating in further programming outreach efforts, there

were no significant differences between the groups.

Maloney et al. [59] describe a study focused on Scratch, spanning eighteen months at

“Computer Clubhouse”, an after-school program located in South Central, Los Angeles. The Club-

house provides a variety of gaming and design activities, including board games, Microsoft’s Xbox

games [63], an on-site recording studio, RPG Maker [30], and Bryce 5 [26]. The authors introduced

a set of activities involving Scratch to encourage students to learn programming skills. Clubhouse

mentors were enlisted to provide assistance to participants; however, none of the mentors had prior

experience in programming. Even without substantial help, Clubhouse members were able to teach

themselves how to create games, stories, illustrations, and other projects. Over eighteen months,

the authors collected over 500 projects to analyze. The analysis indicated that concepts such as

conditional statements, loops, and user interaction patterns were easy for Clubhouse members to

learn. However, boolean logic, use of variables, and random number generation took more effort.

The authors believe participants were drawn to Scratch because they could drag-and-drop blocks of

code that snap together, thereby eliminating the possibility of syntax errors.
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Sivilotti et al. [84] discuss a three-hour module piloted during a week-long workshop consisting of

eighth grade girls. The module was designed to teach advanced software engineering concepts using

the Scratch programming language. The concepts that were taught included specifications, refine-

ment, and composition. The module consisted of a twenty-minute lecture and two programming labs.

They first required each student to solve a series of increasingly difficult programming assignments

using Scratch, based on specifications and refinement. The students were divided into groups for the

second lab, each tasked with creating a game sprite that met a precise set of specifications. After

a specified time, the teams compiled the sprites into one interactive Scratch project. To evaluate

the effectiveness of the module, the control group was not introduced to the software engineering

concepts. Instead, they were introduced only to the Scratch programming environment. Upon com-

pletion of the module, each group completed a survey used to evaluate student impressions of the

module and computer science in general. Mostly, the survey responses did not indicate substantial

differences across the two groups. They did indicate, however, that using Scratch was successful in

engaging students in programming, as well as in teaching advanced programming topics.

Alice

Alice is a 3D programming environment designed to teach computational thinking, problem solving,

and programming skills. Our curriculum modules also teach computational thinking and problem

solving skills, but do not focus on programming skills. Further, our program focuses on teaching

specific concepts relying on hands-on activities using digital manipulatives.

To encourage the use of 3D virtual environments in middle schools, Rodger et al. [75] describe

a summer program piloted with a group of middle school teachers and students. During the first

portion of the summer program, teachers attended a three-week workshop focused on developing

curriculum modules for math, science, language arts, social studies, art, and technology, all based

on Alice. The second portion of the summer program consisted of one-week summer camps for two

groups of middle school students. Each day, students were provided with four hours of instruction

in Alice and three hours of free time to create projects of their choice. To assess students’ use of

basic constructs provided by Alice, and students’ use of computer science concepts while creating

their projects, the authors examined copies of the student projects. The examination indicated that

all of the students used built-in methods. Although they were taught the importance of comments

on the first day of the workshop, only 8.5% of students used comments in their projects. Over 40%

of students created their own methods, used if statements, loops, and lists, and created events.
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Kelleher et al. [46] describe a one-day workshop that used two versions of Alice –Storytelling

Alice, and a generic version of Alice that does not support storytelling– to introduce middle school

girls to computer programming. To appeal to middle school girls, the authors chose a project

involving the creation of an animated 3D movie. Participants consisted of 88 fifth through ninth

grade girl scouts. Forty-five of the participating girls were assigned to the control group, which

used generic Alice; the remaining 43 participants were assigned to the experimental group, which

used Storytelling Alice. Initially, each group was given two hours and fifteen minutes to complete

a tutorial, and to develop a program using their respective versions of Alice. After the initial

phase of the workshop, each participant completed a programming quiz and an attitudinal survey to

measure interest in programming and attitudes toward computer science as a career choice. Once the

evaluation was complete, participants were given thirty minutes to work using the alternate version

of Alice, and then to decide which version of Alice they preferred. Finally, participants chose one

of the two programs they created to showcase to all other participants. The evaluation suggested

both the control group and the experimental group were equally successful in learning programming

concepts. However, participants that used Storytelling Alice were more motivated to program, than

participants that used generic Alice.

6.2 Manipulatives

During the early 19th century, Johann Heinrich Pestalozzi was a pioneer of learning through

“hands-on” activities. Inspired by Pestalozzi, Fredrich Froebel, known as the father of kindergarten,

developed a set of “gifts” –balls, blocks, and sticks– for children to use for playing and learn-

ing [74,92]. Manipulatives continue to be useful in today’s classroom to engage kinesthetic learners,

whether they are as simple as the gifts offered by Froebel, or as advanced as digital and virtual

manipulatives. In Section 6.2.1, we begin by defining physical, virtual, and digital manipulatives.

Next, Section 6.2.1.1 describes a sampling of outreach programs that employ the use of digital ma-

nipulatives. Lastly, Section 6.2.1.2 describes research pertaining to the use of virtual and physical

manipulatives.

6.2.1 Physical, Virtual, and Digital Manipulatives

In literature, the terms virtual and digital manipulative are often mischaracterized. As an

example, Bennet [1] refers to a web-based application as a digital manipulative. In this section,
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we present literature examples that most closely represents our understanding of the definitions of

physical, virtual and digital manipulatives.

Moyer et al. [65] define physical (concrete) manipulatives as objects that can be touched,

turned over, slid, etc. They define virtual manipulatives across two categories: static visual rep-

resentations and dynamic visual representations. Static visual representations consist of images,

such as those “found in books, drawings for overhead projectors, sketches on a chalkboard, etc.”

Static visual representations are limiting in that they can not be used in the same manner as a

concrete manipulative. On the other hand, dynamic visual representations are images that can

be manipulated as if they were three-dimensional objects. According to Moyer, the dynamic cat-

egory should be considered a true virtual manipulative. Resnick [74] defines digital manipulatives

as “computationally-enhanaced versions of traditional children’s toys.” Similarly, Raffle [73] states

that, “digital manipulatives embed computation in familiar children’s toys.” Similar to Resnick and

Raffle, we consider a digital manipulative to be a small embedded toy designed to engage kinesthetic

learners though hands-on activities.

6.2.1.1 Digital Manipulatives

Zuckerman et al. [95] propose that manipulatives, both physical and digital, fall into two

categories: “Froebel-inspired Manipulatives” (FiMs), which consist of materials that cultivate mod-

eling of real-world structures, and “Montessori-inspired Manipulatives” (MiMs), which encourage

modeling of abstract structures. The authors describe two types of digital MiMs, small digital de-

vices that snap together, whack provide an engaging, interactive experience for students. The first

are FlowBlocks, designed to demonstrate computer science concepts such as loops and variables, and

mathematical concepts such as counting and probability. The second are SystemBlocks, designed

to support simulation of dynamic behavior, including the flow of water through a bathtub, or the

spread of a virus. To evaluate the FlowBlocks and SystemBlocks, the authors observed a total of

25 four to eleven-year old children interacting with the systems for approximately 40 hours. The

SystemBlocks were piloted with a group of fifth grade (10-year old) and preschool (4-year old) stu-

dents. The authors found that all of the 10-year old students and 60% of the 4-year old students

were able to associate the directional flow of the LED’s on the SystemBlocks with the flow of, say,

water. The FlowBlocks were piloted with students ranging in age from 6-11 years old. Given a set of

79



FlowBlocks, students were observed forming loops, using the probability block to direct sequences,

counting, and measuring.

Resnick et al. [74] discuss four digital manipulatives used in K-12 outreach. The first are

LEGO Programmable Bricks (PBricks). Students learn to write programs using Logo, a program-

ming language for LEGO PBricks. The PBricks have controllable motors and lights and are able to

acquire data through sensors and communicate via infrared. The second are Programmable Beads

(PB), small embedded devices that have a microprocessor and LEDs that can be strung together

to form a necklace. The PBs communicate using inductive coupling. Depending on the program

provided, and the order the PBs are strung on the necklace, they create various colorful light pat-

terns. The third manipulative is BitBall, a rubber ball the size of a baseball. It is embedded with a

LEGO PBrick, an accelerometer, and colored LEDs. Using infrared communication and a modified

version of Logo, students can program the ball to turn on its LEDs based on readings from the ac-

celerometer. The last manipulative is the Thinking Tag. These devices were originally developed as

conference name tags that contained information about the wearer and transmitted that information

to other Thinking Tags. Later, Thinking Tags were incorporated in schools as part of “participatory

simulations”. As an example, students can wear the Thinking Tags to simulate the spread of a virus.

In the scenarios described, students were given the devices, shown how to use or program them, and

left to explore and create. Our goal is to teach specific computer science concepts, while at the same

time allowing students to play, explore, and ask questions.

Raffle et al. [72] introduce Topobo, a 3D modeling system “embedded with kinetic memory,

the ability to record and playback physical motion.” Topobo consists of various components that

snap together to form geometric or abstract shapes. Each component is categorized as active or

passive. Active components are networkable and/or motorized, each connected with small cables

used to provide power and communication. To interact with the manipulatives, students begin by

creating an animal shape such as a horse, a dog, or a spider. To start recording a motion, students

press a button on an active component, then twist, pull, and move the shape. To stop the recording,

a button is again pressed. The recorded motion then begins to replay, continuing until the recording

process is restarted. Topobo was designed to help students learn topics such as balance, center of

gravity, coordination, relative motion, and movement. As an extension to Topobo, Raffle et al. [73]

introduce Backpacks, a device that can be attached to an active component of Topobo. Backpacks
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allow students to change the phase, amplitude, frequency, or orientation of the creation’s motion

recording and playback. Both Topobo and Backpacks are designed to teach concepts related to

physics. Neither provide an associated curriculum module with the toy; students learn through

experimentation.

Prachanronarong [71] describes Blockuits, a series of interactive toys designed to cultivate

young learners’ creativity, as well as introduce basic principles of circuitry. Blockuits come in

three forms: small wooden blocks, plush toys shaped like monsters, and large foam blocks. Each

contains embedded circuit components. Similar to Serious Toys, Blockuits provide users with a

tactile experience. What differentiates our program from Blockuits is that they are not designed to

teach specific concepts. Blockuits are not associated with a specific curriculum module; the approach

relies on students learning through play.

Goh et al. [36], describe i-Cube, a cube-shaped digital manipulative with spacial awareness

of neighboring cubes. The i-Cube was designed to provide educators with a generic and flexible tool

to support learning through play. As an example, to demonstrate the use of i-Cube, the authors

present MusiCube Arranger, an exploratory music application that allows students to create short

repetitive musical sequences by simply aligning the cubes in various orders. Our program provides a

curriculum module that focuses on teaching specific CS concepts, relying on a digital manipulative

to increase content understanding of the topic.

Magloire et al. [57] present a series of workshops designed to introduce young learners to

basic electronics and technology through a variety of hands-on activities. Magloire describes three

activities used in the workshops. First, participants use conductive paint to create interactive elec-

tronic projects. Next, participants are introduced to LittleBits®– a group of digital manipulatives in

the form of electronic modules that snap together to create electronic circuits. Lastly, participants

learn to design and build 3D projects using 3D printers. This program allows students to learn

various STEM concepts through active playing. Our program teaches specific CS concepts relying

on digital manipulatives created specifically for the curriculum module being taught.

Beelight [83] is a digital manipulative created to improve student recognition of colors.

Shen et al. explains the device consists of two parts, a color collector, a sharing platform. The color

collector consists of a color sensor, an Arduino, and RGB LED’s. The sharing platform consists

of an Arduino and RGB LEDs. The Beelight has two modes of operation, color sharing and color

collecting. In color sharing mode, students hold the color collector near an object, the color sensor
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detects and stores the color. When the color collector is paired with the color sharing platform, the

platform turns the color that was collected. Students are tasked with naming the color. The color

collecting mode is the opposite. The color sharing platform displays a color and students must find

and collect the color that matches the platform. To appeal to young learners, the color collector

was designed in the shape of a bee, while the sharing platform is honeycomb-shaped. This program

provides a tool designed to improve color recognition, a concept students are familiar with. Our

program teaches new concepts and provides digital manipulatives to reinforce the material taught.

In addition to the digital manipulatives described above, there is a host of proprietary digital

manipulatives available for young learners, including Lego Mindstorms® [51], Makey Makey® [58],

LittleBits® [55], and Arduino [2]. Each can be used to teach a range of STEM concepts through

experimentation. Our program relies on learning through hands-on activities, but we focus on

teaching specific CS concepts using a digital manipulative designed specifically for the concept being

taught.

6.2.1.2 Virtual and Physical Manipulatives

Westenskow [89] describes meta-analysis reports concerning the effectiveness of using phys-

ical manipulatives in pre-collegiate mathematics education. Across twenty-three research programs,

eleven show significant increases in student achievement when using physical manipulatives. Two

programs indicated that students did not favor using physical manipulatives, and ten indicated

that there were no significant differences in achievement between students who did use physical

manipulatives and those who did not.

De Jong et al. [27] discuss the relative advantages of physical and virtual laboratories.

Both physical and virtual laboratories help students develop team-work skills, cultivate interest in

science, and promote conceptual understanding. de Jong notes that physical laboratories allow

students to develop practical laboratory skills, such as setting up equipment, time management

and planning skills, and equipment troubleshooting skills. One advantage of a virtual laboratory

is that designers of an experiment can simplify learning by highlighting important information and

removing confusing details. The decrease in set-up time also allows instantaneous results, enabling

students to perform more experiments. Further, computer logs of student actions during virtual

laboratories, allow instructors to flag concepts that need to be discussed further, as well as identify

groups of students who need extra tutoring. de Jong notes that virtual laboratories show advantages
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with respect to conceptual skills. However, physical laboratories show advantages with respect to

practical skills. Physical and virtual laboratories are individually effective, but a combination of

both can offer benefits that neither can achieve individually.

Klahr et al. [48] describe an empirical study to explore the use of physical versus virtual

materials in an engineering design project with middle school students. Students were tasked with

assembling and testing various model cars, with a simple challenge to make them travel as far as

possible. This study indicates that regardless of the type of materials used –virtual or physical–

students showed substantial gains in content understanding and confidence. Klahr notes, however,

that due to the cost, virtual materials may be the preferred instructional medium in many cases.

Olympiou et al. [68] describe a study on the effects of using three approaches to teaching a

physics lesson involving light and color. The approaches involved the use of i) physical manipulatives

only; ii) virtual manipulatives only; and iii) a combination of physical and virtual manipulatives.

The results show that the combination of physical and virtual manipulatives enhances students’

conceptual understanding of light and color more than the use of physical manipulatives or virtual

manipulatives alone.

Similiar to Olympiou, Gire et al. [35] found using a combination of physical and virtual

manipulatives effective when teaching the physics of pulleys. However, Olympiou found that students

using the physical manipulative prior to the virtual manipulative scored higher with respect to

concept understanding of effort force, distance pulled, and mechanical advantage.

The above research indicates that both physical and virtual manipulatives can be effective

educational tools, individually. It has also been shown that the use of a combination of physical and

virtual manipulatives often provide even greater benefit. As technology continues to advance, we

are experiencing an increase in the development of digital manipulatives. Serious Toys are physical

manipulatives that are computationally-enhanced. We consider serious toys to be a combination of

physical and virtual manipulatives, offering combined benefits.

6.3 Computer Science Concepts

This section discusses programs designed to teach K-12 students i) the binary number sys-

tem; ii) concepts of networks, protocols, and algorithms; and iii) sensors and sensor networks.
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6.3.1 Binary

Sarkar et al. [80,81] describe a variety of kinesthetic activities designed to introduce students

to computer organization based on the PIC microcontroller. In one activity, students are taught the

basic concepts of bits, bytes, and binary numbers. They are then shown a PIC-based device that

demonstrates binary numbers through the use of eight LEDs. Subsequent lessons cover computer

memory, LED matrix manipulation, displays, and speech generation. Each lesson emphasizes the

importance of the binary number system in computing. Evaluation results indicate that 70% of

students were satisfied with the hands-on experience and would like more hands-on projects. In

addition, 75% of students indicated that the PIC project gave them a better understanding of

hardware fundamentals, including binary. The activities described in this work differ from ours in

that student interaction involved writing a desktop program to turn on the display. Further, their

work does not cover arithmetic.

Sakala et al. [79] also describe a software tool to teach the binary number system, with a

focus on conversion from decimal to binary. The interface prompts the user to enter a number and

demonstrates each step of the conversion process using division by 2, with the remainder representing

the binary digit. To evaluate the interface, a lesson on binary conversion was given to a control group

using a traditional lecture method; the experimental group was taught using the interface. The

results indicate that the tool-based approach was more effective. The primary difference between

this work and ours is that this group relies on a software tool to teach binary conversion. We rely

on a hardware tool to teach students binary conversion, in addition to binary arithmetic.

Goldschmidt et al. [37] describe how several fundamental computer science concepts can

be incorporated in the K-12 curriculum, including alternative number systems. They describe how

to count in binary using rhythm in physical education. In addition, they explain how the Mayan

base-20 system, the Enigma Code, and encryption/decryption can be used as discussion points in a

social studies class. As with this group, we use lectures and activities to teach alternative number

systems. Our activity consists of a hardware-based tool rather than group games.

Waraich [88] describes a multimedia learning environment used for lessons focused on com-

puter architecture, including binary arithmetic and logic gates. The target audience includes first-

year computer science undergraduates. Students that used the instructional environment received
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higher test scores than those who did not. As with the previous work, this approach uses software

to teach binary and logic gates.

Chun et al. [20] describe a web-based system designed to help teach K-12 students and

educators basic programming skills. An 8x8 LED matrix driven by serial communication through

a web-based application is used to display images, as well as binary numbers. The web application

provides a virtual LED display that allows students to turn LEDs on and off on the LED display.

This hardware and software system can be used to teach binary number systems; however, the

primary goal is to teach basic programming skills.

6.3.2 Networks, Protocols, and Algorithms

CS Unplugged [24] offers several activity modules that demonstrate the need for developing

step-by-step instructions for computers to follow. For example, Marching Orders is an activity in

which a student is given an image and instructed to give the rest of the class step-by-step instruc-

tions on how to draw the image. Similarly, Harold the Robot involves a volunteer playing the part of

a robot, while the class is tasked with giving step-by-step instructions on how to build a structure

from blocks. These activities demonstrate the difficulty of creating an algorithm for a computer

to follow. Muddy City—Minimal Spanning Trees introduces familiar networks and some basic net-

working concepts. Each of these activities demonstrates either the importance of networks or the

necessity to create correct step-by-step instructions for a computer to follow. However, none of these

activities are reinforced with hands-on activities, as is the case with our module.

Computing Science Inside [23] also offers modules designed to teach basic networking and

algorithms concepts. Tablets of Stone focuses on introducing students to networks and protocols by

discussing examples of networks familiar to students (e.g., Internet, Postal Service, cell phone). They

also discuss the importance of having a common set of rules within each network –protocols– gov-

erning communication. This program introduces a communication scenario and requires students to

develop a protocol for the scenario. As an activity, students are given a set of ambiguous instructions

explaining how to draw a particular object. Students are asked to carefully follow the instructions

and compare drawings with other students after they have completed each step. As expected, the

objects that are drawn typically vary. As an exercise, students are tasked with rewriting and testing
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their drawing algorithm. Although many of the concepts covered in this module are similar to ours,

our approach relies on hands-on activities with an embedded device, which is engaging to kinesthetic

learners, as compared to paper and pencil exercises.

6.3.3 Sensors

Saad et al. [39, 78] discuss a three-year project designed to integrate advanced information

technologies into sixth through twelfth grade classes, with the goal of motivating students to pursue

careers in STEM-related fields. The efforts included a series of workshops, summer camps, and

follow-up activities for 90 participating teachers and 120 participating students, with two possible

paths of study. The first was a sensor network path comprising curriculum modules that introduce

students to i) electronic transducers; ii) data acquisition; iii) data transmission; iv) wireless com-

munication; v) TCP/IP protocols; vi) database concepts; and vii) data analysis and presentation.

The second path of study focused on multimedia, introducing students to i) web development tools;

ii) wiki tools; iii) multimedia concepts and tools; and iv) database concepts. There was no mention

of a formal evaluation of this program. The program differs from ours in that their curriculum

is web-based, whereas ours is taught in the classroom and includes hands-on activities involving

manipulatives.

Baker et al. [6] discuss a series of curriculum modules to teach middle school students

engineering and technology concepts. One of the modules uses LEGO Mindstorms® NXT robots to

teach students how to program the robots to use touch sensors, light sensors, and RFID sensors for

various applications. In addition to applications of sensors, our module focuses on teaching students

how sensors work, the construction of a basic sensor, and the process of passing data through a

network of wireless sensor nodes.

Dabney et al. [25] report on their use of sensors –an accelerometer, gyroscope, magnetometer,

and photosensor– on a Samsung Nexus S smartphone to teach Java programming during a week-long

summer camp for high school students. The camp was composed of 22 students, of which six were

female, one was African-American, and one was of Hispanic descent. To make the transition to

programming in Java easier, during the first three days of the camp, participants created mobile

apps using MIT’s App Inventor [18], a web-based drag and drop platform that allows users to snap

code blocks together to create a program. During the last two days of the camp, students explored

the sensors on the smartphone by creating Android apps that used each of the on-board sensors.
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Using pre- and post-surveys, the authors found that there was a significant increase in students’

interest in studying computer science in college and developing educational apps and games. They

also reported a significant increase in students’ self-efficacy in regard to their understanding of

conditional blocks, loops, mathematical comparisons, variables, and functions. This program focused

on creating applications that use sensors, whereas our program teaches how sensors work and how

to create networks of sensors.

6.4 Active Learning

The teaching approach described in this dissertation has roots in the pedagogical philosophy

of active learning [13], which involves activities and techniques designed to ensure student engage-

ment. The philosophy is perhaps best summarized by Martinez and Eisenhart [62] as part of a case

study in pedagogical techniques for teaching Physics: “The alternative instructional methods that

show promise are various activities that allow students to be active class participants, procedures or

devices that give instructors quick ways to assess their students’ understanding during class, in-class

opportunities to discuss students’ understandings and difficulties, and activities specially designed to

be fun, challenging, and relevant.” It is interesting to note that active learning approaches may have

differential impacts for women and other underrepresented groups in computing. In a pedagogical

study led by Yoder et al. [94], for example, evaluation results showed that female students tend to

perform better when taught using active learning techniques.
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Chapter 7

Conclusion and Future Directions

Like many computer science educators, we are looking for new ways to excite the next

generation of undergraduates about pursuing a degree in computer science. Although the number of

awarded bachelor’s degrees in computer science has increased over the past three years, work is still

needed to meet the projected growth in computer-related jobs by 2020 [15]. Structured education

begins in K-12. In this dissertation, we set out to investigate a new approach to teaching CS concepts

with tailored curriculum modules and embedded computing manipulatives. The approach is designed

to engage visual, auditory, and kinesthetic learners through lectures, visual demonstrations, and

hands-on activities. The results are expected to be broadly applicable across topic areas within

computing. We focus on three in this initial exploration, selected because they are among the most

important computing concepts today.

7.1 Curriculum Modules

In this section, we summarize our work on the development and evaluation of three curricu-

lum modules focused on binary number systems; networks, protocols, and algorithms; sensors and

sensor networks, respectively. We combined the three modules to form an integrated program and

we also summarize our evaluation of this combined program of study.
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7.1.1 The Binary Number System

Binary is fundamental to many computer science topics and is typically introduced early

in the undergraduate computer science curriculum. It is often viewed as onerous, both to teach

and learn. Relying on an embedded computing manipulative, or serious toy, we have developed

a curriculum module to teach the binary number system in a manner that is both engaging and

informative. The module spans two 60-minute class periods. The class consists of a lecture facilitated

by a series of questions. Students learn to convert decimal numbers to binary numbers and vice-

versa. We explain that the strategies used to convert decimal numbers to binary are applicable to

other bases — e.g., decimal to base three, or base eight. The second class begins with a review, and

then an introduction to the serious toy. Students are assigned several binary conversion, addition,

and subtraction problems and are instructed to perform the operations on paper before validating

their work using the toy. We piloted and evaluated the module with four groups of high school

students. The evaluation results were largely positive across the four pilots.

7.1.2 Networks, Protocols, and Algorithms

Networks are woven throughout many aspects of our lives. We are inherently members of a

network consisting of family, friends, and co-workers. Networks connect our phones, our computers,

and our entertainment devices. Recognizing the importance of networks in our lives, and more

importantly, within computer science, we developed a curriculum module designed to introduce

young learners to basic concepts of networks, protocols, and algorithms. Similar to the Binary

Number System design, the module spans two 60-minute class periods. The first session includes

an engaging lecture designed to teach students to recognize various networks and their associated

communication protocols. Students learn the importance of networks, protocols, and algorithms,

how the concepts are related to one another, and their relevance to computer science. The second

session begins with an introduction to the serious toy and a demonstration of various sensors on the

toy. Next, students observe a network of these toys communicating through a serial bus. Finally,

students use a set of toys and jumper wires to create a network capable of communication. We piloted

this module with six classes at a local middle school, and four groups of high school students. The

evaluation results were largely positive across the pilots.
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7.1.3 Sensors and Sensor Networks

In modern life, sensors and sensor networks are increasingly common. Most home appliances

rely on one or more sensors, and modern vehicles include hundreds of sensors. Networks of sensors

are used in a variety of applications, including medical and wildlife monitoring [38, 43], military

applications [49], and environmental management [29]. Motivated by the ubiquity of sensors in

our daily lives, the value of sensors in computing, and building on the Networks, Protocols, and

Algorithms module, we developed Sensors and Sensor Networks as our third curriculum module.

The module spans two 60-minute class periods. The first begins with a lecture designed to give

students a basic understanding of how sensors work. We discuss various sensors and the relevance

of sensors and sensor networks in computer science. The first session concludes with an activity

where students make a simple soil-moisture sensor from plaster of paris, nails, and a straw, adapted

from [14]. During the second session, students test the soil-moisture sensors by connecting the

sensors to a network of MoteStacks [29] and observing changes in the data readings as water is

added to the surrounding soil. Students observe the changes in data through a custom website.

We piloted this module with five classes at a local middle school, and four groups of high school

students. The evaluation results were largely positive across the pilots.

7.2 Combined Module

Although each module is designed to enable independent adoption, we piloted the three

modules as an integrated program. The combined program spans eight 60-minute class periods.

The first and last involve administration of pre- and post-surveys, and pre- and post-quizzes. The

second and third sessions cover the Binary Number System module. The third and fourth sessions

cover the Network, Protocols, and Algorithms module. The remaining sessions cover the Sensors

and Sensors Networks module. We piloted the combined program with eleven classes from two local

middle schools. We also piloted the program with one class from a local high school. The evaluation

results were largely positive across the pilots.

Similar to the results for the individual curriculum modules, the evaluation results for the

combined module were largely positive.
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This suite of serious toys and accompanying curriculum modules has the potential to reenergize the

pedagogical landscape around fundamental topics that are often difficult to teach in a manner that

is both informative and fun.

7.3 Future Directions

While there are many future directions to explore, we will concentrate on three: (i) The

module topics selected for this dissertation were chosen, in part, due to their importance to CS.

Given the large number of equally important CS topics not yet considered, developing additional

curriculum modules with accompanying serious toys would be a natural next step. (ii) The next

direction involves expanding the existing curriculum modules by developing sub-modules enhanced

by existing serious toys. As an example, developing a module focused on data representation concepts

and the ASCII table would be a logical progression of the Binary Number System module and

accompanying serious toy. (iii) Finally, a particularly interesting study related to this work would

be to conduct a comparison between the effectiveness of CS Unplugged activities and the teaching

approach described in this dissertation.
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Appendix A Module Learning Objectives

Knowledge Comprehension Application Analysis Synthesis Evaluation

Binary Number System

Learning Objective 1 X
Learning Objective 2 X
Learning Objective 3 X
Learning Objective 4 X
Learning Objective 5 X

Networks, Protocols, and Algorithms

Learning Objective 1 X
Learning Objective 2 X
Learning Objective 3 X

Sensors and Sensor Networks

Learning Objective 1 X
Learning Objective 2 X
Learning Objective 3 X
Learning Objective 4 X

Table 1: Mapping of Module Learning Objectives to Bloom’s Taxonomy

Here we present Table 1, a visualization that depicts a mapping of the learning objects

listed in Chapters 2, 3, and 4, with the category in Bloom’s Taxonomy of Education Objectives that

most closely represents the thinking skills associated with the learning objectives. In the following

sections the categories of Bloom’s Taxonomy of Education Objectives and each of our curriculum

modules learning objectives are described.

A.1 Bloom’s Taxonomy of Education Objectives

The six categories from lower-order to higher-order thinking skills, are as follows: i) knowl-

edge, ii) comprehension, iii) application, iv) analysis, v) synthesis, and vi) evaluation. According

to [69], the description of each category is as follows:

Knowledge “involves the recall of specifics and universals, the recall of methods and processes, or

the recall of patterns, structure, or setting.”

Comprehension “refers to a type of understanding or apprehension such that the individual knows

what is being communicated and can make use of the material or idea being communicated

without necessarily relating it to other material or seeing its fullest implication.”

Application refers to the “use of abstractions in particular and concrete situations.”
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Analysis represents the “breakdown of a communication into its constituent elements or parts such

that the relative hierarchy of ideas is made clear and/or the relations between ideas expressed

are made explicit.”

Synthesis involves the “putting together of elements and parts so as to form a whole.”

Evaluation engenders “judgments about the value of material and methods for given purposes.

A.2 Binary Number System Module

The learning objectives call for students to:

i learn to convert decimal numbers to binary numbers and vice-versa;

ii learn to add two binary numbers of arbitrary length;

iii learn to subtracttwo binary numbers of arbitrary length;

iv understand the relevance of binary numbers to computer science; and

v earn to apply the concepts learned to number systems of arbitrary bases.

A.3 Networks, Protocols, and Algorithms

The learning objectives call for students to:

i understand the definitions of network, protocol, and algorithm;

ii understand how networks, protocols, and algorithms are related; and

iii understand the relevance of networks, protocols, and algorithms in computer science.

A.4 Sensors and Sensor Networks

The learning objectives call for students to:

i have a basic understanding of how sensors work;

ii understand the construction of a basic sensor;

iii be familiar with various types of sensors; and

iv understand the relevance of sensors and sensor networks in computer science.
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