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Project-based learning is receiving ongoing attention in engineering education. Recently, emphasis has been placed on the

importance of systems thinking and abstract thinking among high-school and undergraduate students. In light of the

recently reported positive correlation between systems thinking and abstract thinking, the research described in this paper

examined whether these two thinking skills could be promoted simultaneously through project-based learning that

included dedicated tasks. The study, which used quantitative and qualitative tools, involved 36 high-school electronics

students (Grade 12). According to the findings, a significant improvement (large effect) was achieved in both types of

thinking. Specifically, the students adopted some of the systems thinker’s and abstract thinker’s features.
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1. Introduction

Project-based learning is a pedagogical approach in

which students deal with complex tasks taken from

real-world scenarios [1]. This approach is receiving

ongoing attention in engineering education, both at

the high-school [2, 3] and higher education levels

[4, 5]. Recently, emphasis has been placed on the

importance of systems thinking and abstract think-
ing among high-school [6, 7] and undergraduate

students [8, 9]. Systems thinking provides a frame-

work for examining the interrelations between

system’s components [10]. Abstract thinking

makes it possible to focus on the details relevant

to the current viewpoint, while temporarily ignor-

ing the less significant information at the stage in

question [11]. Both types of thinking are perceived
as essential for the analysis and design of engineer-

ing systems [12, 13]. Therefore, advancing systems

thinking and abstract thinking in high-school stu-

dents may enable them to effectively cope with

complex engineering tasks given as part of pro-

ject-based learning.

In light of the recently reported positive correla-

tion between systems thinking and abstract think-
ing [14], the present study examined whether these

two types of thinking could be promoted simulta-

neously among high-school electronics students

through project-based learning that included dedi-

cated tasks. Indeed, some studies have indicated an

improvement in each of the two types of thinking

separately [15, 16]. However, to the best of the

authors’ knowledge, a simultaneous advancement
in both thinking skills has not yet been explored.

The contribution of this study is twofold. Theo-
retically, the research expands the body of knowl-

edge on systems thinking and abstract thinking.

Practically, the studymay enhance the development

of educational activities promoting the two types of

thinking, both in high schools and in higher educa-

tion.

The paper opens with a review of the theoretical

foundations on which the research is based, namely
project-based learning, systems thinking and

abstract thinking. Next, the research questions are

formulated, and the research methodology is

described. After presenting and discussing the

main findings, some conclusions are drawn.

2. Theoretical Background

2.1 Project-based Learning

As mentioned, project-based learning is a pedago-

gical approach in which students deal with complex

tasks taken from real-world scenarios [1]. Under the

guidance of the teacher, the learner copes with the
tasks both individually and as a team member, and

enjoys a great deal of autonomy [17, 18].

The roots of project-based learning lie in Kil-

patrick’s [19] and Dewey’s [20] concept of ‘‘learning

by doing’’. This idea is reflected in constructionism,

according to which effective learning occurs when

the student builds a product that he/she can share

with others [21].
Project-based learning has many benefits. In the

cognitive realm, it develops higher-order thinking

skills, such as systems thinking [22] and critical

thinking [23]. From the affective perspective, pro-
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ject-based learning creates interest and thus

strengthens the student’s and teacher’s intrinsic

motivation [24, 25]. Finally, in the social aspect, it

promotes students’ interpersonal skills, such as

communication and teamwork [26].

At the same time, critics point to the challenges
associated with project-based learning [27]. Among

other findings, the following challenges have been

reported: considerable investment of time com-

pared to traditional learning, both on the parts of

the student and the teacher [28]; learners’ difficulty

in coping with complex tasks (cognitive domain)

[29]; teachers’ difficulty in adapting to guidance

(affective domain) [30]; and students’ difficulty in
adapting to teamwork, which is sometimes new to

them (social domain) [31].

Many studies have characterized project-based

learning in engineering education [3, 4]. For

instance, project-based learning implemented in

transportation engineering has improved students’

higher-order thinking skills as well as interpersonal

skills [32]. Similarly, a project-based engineering
curriculum has fostered academic motivation in

undergraduate students [33].

2.2 Systems Thinking and Abstract Thinking

Systems thinking, rooted in general system theory

[34], constitutes a framework for observing the

interrelations between system’s components [10].
In view of the growing complexity of engineering

systems, the role of engineering systems thinking is

becoming more central [35]. Its importance is

further validated in the context of Industry 4.0,

which is based on cyber-physical systems, Internet

of Things and big data [36].

It is common to classify the characteristics of the

so-called systems thinker into four groups: knowl-
edge and background, cognitive characteristics,

capabilities, and interpersonal skills [6, 37]. The

knowledge and background category includes,

inter alia, interdisciplinary knowledge. Cognitive

characteristics refer, among other things, to com-

prehending the functioning of the system without

the need for all the details, understanding the

interrelations between the system’s components,
and taking into account non-traditional engineer-

ing considerations (e.g., economic, organizational,

etc.). The capabilities category includes the ability

to perform requirements analysis, formulate the

solution in general and perform functional analysis

and optimization. Finally, interpersonal skills refer

to good human relations and team leadership.

In engineering and technology education, efforts
have been made to promote systems thinking at

different levels, e.g., high schools [38, 39], two-year

colleges [40] and academia [8]. This activity is

manifested in various scopes, from specific courses

aimed at imparting systems thinking skills [41] to

three-year programs [15]. Thus, for example, stu-

dies conducted among electrical [28], mechanical

[42] and industrial [43] engineering students found

that systems thinking can be developed as part of

active learning carried out in teams. Similarly, at the
high-school level, it was found that a course focus-

ing on the design of a control system by teams

advanced twelve grade students’ systems thinking

[38].

Abstract thinking makes it possible to focus on

the details relevant to the current viewpoint, while

temporarily ignoring the less significant informa-

tion for the stage in question [11]. As such, it is
relevant for engineers from a variety of fields,

including hardware and software engineers [44].

Abstraction level is the degree of complexity in

which a system is observed [45]. An arbitrary

number of abstraction levels can be defined between

the highest level, in which the system is examined

from a global perspective, and the lowest level

where the attention to details is maximal. In hard-
ware, for example, computer architecture is con-

sidered as a relatively high abstraction level while

logic gates constitute a relatively low abstraction

level [46]. Below the logical level is the device level,

which focuses on the electrical properties of the

transistors constructing the logic gate. Below the

device level is the layout level that deals with the

physical structure of the transistors themselves.
Similarly, in software one can define three rela-

tively high abstraction levels, the objective level,

describing the software objectives; the conceptual

level, referring to the software as an information

processing system; and the functional level, char-

acterizing functional structures, states and pro-

cesses (e.g., data structures and algorithms).

Below them are the lower levels, i.e., the logical
level, which focuses on the logical meaning of soft-

ware objects and the physical level, dealing with the

syntactic knowledge needed for code writing [47].

In view of its importance, many studies have

focused on the characterization and development

of abstract thinking among high-school [7, 16] and

undergraduate students [9, 48]. From these and

other studies, one can formulate the features of
the so-called abstract thinker. These properties

can be classified into three groups: knowledge and

background, cognitive characteristics and capabil-

ities [13, 47]. The first group is based on relevant

education. The second category refers to the identi-

fication of the appropriate abstraction level for a

given phase of problem solving and switching

between abstraction levels. The third group (in the
context of software engineering) includes, among

other things, software requirements analysis, build-

ing structure charts and algorithm development.
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For the sake of simplicity, for both types of think-

ing, from now on we merge the two categories

focusing on cognition, i.e., cognitive characteristics

and capabilities, into one category, namely cogni-

tive skills.

Recently, a significant moderate positive correla-
tion has been found between systems thinking and

abstract thinking among high-school electronics

students. It turns out that the systems thinker and

the abstract thinker share common cognitive skills,

but differ in characteristics related to knowledge

and background and interpersonal skills. In the

cognitive realm, the analogy between the two

types of thinking encompasses three skills: require-
ments analysis, seeing the overall picture, and

comprehending the interaction and interdepen-

dence between components [14]. It should be

stressed, however, that this analogy is partial. For

instance, while systems thinking emphasizes the

importance of understanding the functioning of a

system without the need for all the details [10],

abstract thinking is characterized by switching
between abstraction levels, including low levels

where great attention to detail is essential [11].

3. Research Goal and Questions

The study examined whether systems thinking and

abstract thinking of twelve grade electronics stu-

dents could be promoted simultaneously through

project-based learning that included dedicated

assignments.

The following research questions were formu-

lated:

� Did a change occur in students’ systems thinking

(cognitive skills) via project-based learning that

included dedicated assignments? If so – what

characterized this change?

� Did a change occur in students’ abstract thinking

(cognitive skills) via project-based learning that

included dedicated assignments? If so – what

characterized this change?

4. Methodology

4.1 Participants

The study involved 36 twelve grade students who

studied electronics at a school in northern Israel.
The characteristics of the students were similar to

those of Israeli twelve grade students majoring in

electronics.

4.2 Intervention

During the school year, students executed, in teams

of two students and under the guidance of an

experienced teacher, their final project. The project

focused on the design and implementation of a

system combining hardware and software. The

product was based on a programmable device,

such as PC or Arduino. In addition, the product

included hardware components, such as sensors

and displays. The project was carried out in an
electronics laboratory, equipped with measuring

equipment (e.g., oscilloscopes and multi-meters).

At the beginning of the year, the team submitted

the project proposal, and at the end – the final

report. Examples of final projects are given in

Appendix A.

During the year, 14 assignments dealing with

systems thinking and abstract thinking were inte-
grated into the curriculum (i.e., the project-based

learning described above). These dedicated tasks

were based on the systems thinker’s and abstract

thinker’s cognitive skills, described in Section 2.2

and adapted for high-school students majoring in

electronics. The features and tasks were validated

by two engineering education experts and five

electronics teachers with extensive experience in
guiding projects combining hardware and software.

All assignments were team-based, the time allotted

for completion each of them was about two weeks,

and they were evaluated by the teacher (formative

assessment). In order to cope with some of the

challenges involved in project-based learning (Sec-

tion 2.1), the assignments were of increasing diffi-

culty, and the teacher had many years of experience
in guiding projects.

It is important to note that students’ knowledge

did not allow maneuvering between lower abstrac-

tion levels in hardware, such as the layout level and

the device level (Section 2.2). However, their knowl-

edge did permit switching between abstraction

levels in software, including the lower ones. There-

fore, the tasks on abstract thinking were limited to
the context of software. In contrast, students’

knowledge enabled the assignments on systems

thinking to deal with both hardware and software.

Table 1 shows sample tasks, and Appendix B

describes two assignments in detail. As explained in

Section 2.2, the analogy between systems thinking

and abstract thinking is partial and encompasses

three cognitive skills (first three rows in Table 1).

4.3 Procedure

The study used both quantitative and qualitative

tools. As described in Section 4.2, during the school

year, students executed projects that combined

hardware and software. Fourteen assignments deal-

ing with systems thinking and abstract thinking
were incorporated into the curriculum. At the

beginning and end of the year, students took an

achievement test. This multiple-choice test was

designed to evaluate students’ systems and abstract
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thinking (cognitive skills). At the end of the year,

the final reports were collected.

Since the correlation between systems thinking

and abstract thinking is moderate [14], the quanti-

tative data were analyzed using one-way repeated

measures MANOVA. The qualitative data were

classified into categories using directed content

analysis [49]. The analysis was based on the systems
thinker’s and abstract thinker’s cognitive skills

reviewed in Section 2.2 and adapted for high-

school electronics students.

4.4 Tools

The achievement test dealt with the analysis of a
system opening and closing a parking lot gate. This

system was not part of a final project of any of the

teams. The test included 18 multiple-choice ques-

tions (one correct answer and three distractors),

half of which focused on systems thinking and half –

on abstract thinking. The questions were of equal

value. The test lasted one hour, and no auxiliary

material could be used. In order to reduce the effect
of early exposure, the test was given in two versions,

one at the beginning of the school year (pretest) and

the other at the end (posttest). There were slight

differences between the versions (e.g., numeric

values, names of variables, etc.). The test (two

versions) was validated by two experts in engineer-

ing education. A sample of the questions appears in

Appendix C.

5. Findings

Table 2 shows students’ mean score M (ranging

between 0 and 100) and standard deviation SD in

the pretest and posttest.

One-way repeated measures MANOVA revealed

a significant difference in students’ scores between

the beginning and end of the school year (F(2, 34) =

11.50, p < 0.01; Wilks’ � = 0.60, partial �2 = 0.40).

Univariate tests indicated a significant difference in

both systems thinking (p < 0.01; partial �2 = 0.25)

and abstract thinking scores (p < 0.01; partial �2 =
0.37). The improvement in both types of thinking

was characterized by a large effect size.

Analysis of the qualitative data (final reports)
shows that at the end of the school year the students

adopted some of the systems thinker’s and abstract

thinker’s skills. Thus, for example, students per-

formed requirements analysis:

‘‘The robot should be easy to move from place to
place.’’ (systems thinking)

‘‘The software should be immune to errors that may
occur during reasonable use, such as improper input.’’
(abstract thinking)

They saw the overall picture:

‘‘The robot moves in four directions (forward, back-
ward, right and left) depending on the glovemovement
worn on the user’s hand.’’ (systems thinking)

‘‘The software provides relevant information on the
condition of the plant (i.e., light intensity, temperature
and soil moisture) as a function of time.’’ (abstract
thinking)

and understood the interaction and interdepen-

dence between components:

‘‘The DHT22 sensor measures temperature and
humidity and transmits the values, using the One
Wire Protocol, to the microcontroller.’’ (systems
thinking)

‘‘The function Tracking_time returns the current time
to the main function.’’ (abstract thinking)

In addition, students took into account non-tradi-

tional engineering considerations (systems think-

ing):

‘‘The product is cheap compared to similar products in
the market.’’

and paid attention to details when needed (abstract

thinking):

‘‘The function Soil_humidity reads values from the soil
moisture sensor, converts them to percentiles by divid-
ing them to 1024, then multiplying by 100.’’

The findings are summarized in Table 3.
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Table 1. Systems thinking and abstract thinking: sample assignments

Abstract thinking assignmentSystems thinking assignmentSkill

Formulate the software requirementsFormulate the system requirementsRequirements analysis

Describe the software from the
conceptual perspective

Formulate the general concept of the
system

Seeing the overall picture

Build a structure chart and explain the
interrelations between modules

Build a block diagram and explain the
interrelations between components

Understanding the interaction and
interdependence between components

–Address relevant economic/
environmental issues

Taking into account non-traditional
engineering considerations

Describe the software in detail–Paying attention to details when needed

Table 2. Systems thinking and abstract thinking: descriptive
statistics (achievement test)

Abstract thinkingSystems thinking

NInstrument SDMSDM

17.0052.7620.8255.5336Pretest

16.5766.5412.0066.8036Posttest



6. Discussion

Both systems thinking and abstract thinking are

essential for the analysis and design of engineering

systems [12, 13]. Thus, promoting systems thinking
and abstract thinking in high-school students may

enable them to effectively cope with complex engi-

neering assignments given as part of project-based

learning. In view of the recently reported positive

correlation between systems thinking and abstract

thinking [14], the present study examined whether

these two types of thinking could be developed

simultaneously through project-based learning
that included dedicated tasks. According to the

findings, a significant improvement was achieved

in both systems and abstract thinking. This

improvement was characterized by a large effect

size.

It was also found that at the end of the year

students adopted some of the systems thinker’s [6,

37] and abstract thinker’s skills [13, 47]. Some of
these abilities were common to both types of think-

ing, i.e., requirements analysis, seeing the overall

picture, and understanding the interaction and

interdependence between components. Other skills

promoted were unique to systems thinking (e.g.,

taking into account non-traditional engineering

considerations) and abstract thinking (e.g., paying

attention to details when needed). The test results
and quotes taken from the final reports indicated

that at the end of the school year students’ levels of

systems thinking and abstract thinking were mod-

erate on average.

The literature mentions successful attempts of

promoting systems thinking among engineering

students [42, 43] and even earlier [38, 39]. These

studies suggest that systems thinking can be devel-
oped in an active learning environment, such as the

one in the present study. Similarly, many studies

have focused on advancing abstract thinking

among high-school [7, 16] and undergraduate stu-

dents [9, 48]. However, to the best of the authors’

knowledge, it has not yet been reported that the two
types of thinking can be promoted simultaneously,

as found here. We believe that this result, obtained

at the high-school level, is applicable in higher

education as well. A thorough study should be

conducted to verify this hypothesis.

The present study had two main limitations: (a) a

relatively small number of participants, and (b) lack

of a control group. Both limitations were due to the
low number of twelve grade electronics students at

the school where the study took place. Therefore, it

was not possible to form a control group of a

reasonable size. To overcome these limitations

and increase the findings’ trustworthiness, qualita-

tive tools were used alongside quantitative ones.

The contribution of this study is twofold. Theo-

retically, the research expands the body of knowl-
edge on systems thinking and abstract thinking.

Practically, the studymay enhance the development

of educational activities promoting the two types of

thinking, both in high schools and in higher educa-

tion. Thus, for example, it might be appropriate to

give priority to programs that advance the two skills

simultaneously over programs that focus on each

type of thinking separately. These contributions are
further validated in light of the many efforts

invested in developing such programs [15, 16].

7. Conclusions

The study indicates that systems thinking and

abstract thinking can be promoted simultaneously

among twelve grade electronics students via pro-

ject-based learning that includes dedicated assign-

ments. In addition to a significant positive change
(large effect) achieved in both types of thinking, it

was found that the students adopted some of the

systems thinker’s and abstract thinker’s skills.
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Table 3. Systems thinker’s and abstract thinker’s skills among students (end of year)

Abstract thinkingSystems thinkingSkill

‘‘The software should be easy to use even for the
unprofessional user.’’

‘‘The robot should be resistant to
malfunctions that may occur during
reasonable use.’’

Requirements analysis

‘‘The software calculates the distance of nearby
objects and alerts when a particular object is too
close.’’

‘‘The robot moves on four wheels and its
movement is controlled by a smartphone
via wireless communication.’’

Seeing the overall picture

‘‘The functionWater heating gets the water
temperature (by the temp variable) from the function
Water temperature measurement.’’

‘‘The microcontroller receives data from
the Bluetooth receiver according to the
UART protocol.’’

Understanding the interaction
and interdependence between
components

–‘‘The product is made of environmentally
friendly material.’’

Taking into account non-
traditional engineering
considerations

‘‘The function reads values from the sensor. If the
value is bigger than 380, then all the wheels should
move forward; if the value is smaller than 310, then
all the wheels should move backward.’’

–Paying attention to details
when needed
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Appendix A – Final Project

The final project, mentioned in Section 4.2, focused on the design and implementation of a system combining

hardware and software. The product was based on a programmable device, such as PC or Arduino. In addition, the

product included hardware components, e.g., sensors and displays. Below are two examples.

A.1 Preparation of Baby Milk

The system is based on an Arduino Mega 2560 microcontroller. The user selects the desired amount of milk by

pressing a button on the front of the product, or using an app on a smartphone (connected to the system via

Bluetooth). The system pours into a bottle the amount of milk powder required as well as the amount of water at a

suitable temperature. Relevant messages are displayed on the product screen and at the same time in the app on the

smartphone.

A.2 Self-balancing Robot

The robot is based on an Arduino Nano microcontroller. The robot, having only two wheels, has an acceleration

and angle sensor installed to maintain balanced movement. In addition, the robot is fitted with an ultrasonic sensor

whose function is to detect obstacles in the direction of movement. The robot’s movement (forward, backward,

right, left and stop) is controlled from a smartphone via Bluetooth.

Appendix B – Tasks

The tasks designed for promoting systems thinking and abstract thinking (Section 4.2) were based on the cognitive

skills of the systems thinker and abstract thinker, described in Section 2.2 and adapted for high-school electronics

students. Below are two tasks focusing on understanding the interaction and interdependence between components.

The first assignment deals with systems thinking and the second with abstract thinking. Both tasks refer to the

system for preparing baby milk, described in Appendix A.1.

B.1 Building a Block Diagram

The team should build a block diagram and explain the interdependence between the components. Fig. B1 shows a

possible solution. According to the solution, the user selects the desired amount of milk using one of the four

buttons on the front of the product or using a dedicated app on a smartphone (connected to the system via a

Bluetooth receiver).
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Themicrocontroller receives the water temperature from the temperature sensor. If the temperature is below 32C

(suitable for the baby), then the microcontroller sends a signal to the relay to activate the heating element. If the

water temperature is higher than 32C, then the system sends an alert andwaits until the temperature drops to 32C. If

the water temperature is 32C, there is no need for heating or waiting.

When the temperature reaches 32C, themicrocontroller sends a signal to the driver to operate the stepmotor. The

latter injects the required amount of milk powder into a bottle. Additionally, the microcontroller sends a signal to

the relevant relay to open the valve and operate the water pump. The amount of water flowing into the bottle is

determined by the amount of milk selected by the user and measured by the flow sensor.

The system messages are transmitted to the LCD display via the I/O expander. The I/O expander sends back

acknowledge (ACK) bits to indicate that themessages have been received successfully. In addition, themessages are

sent to the smartphone via the Bluetooth transmitter.

B.2 Building a Structure Chart

The team should build a structure chart and explain the interdependence between the functions. Fig. B2 shows a

possible solution. According to the solution, the main function ‘‘Preparation of baby milk’’ calls four secondary

functions in series. First, the function ‘‘Amount choice’’ returns the amount of milk selected by the user to the main

function (via the variable ‘‘amount’’). Then, the function ‘‘Water heating’’ is activated, depending on the water

temperature it receives (via the variable ‘‘temp’’) from the function ‘‘Water temperature measurement’’. Next, the

function ‘‘Adding milk powder’’ is activated, depending on the amount of milk it receives (via the variable

‘‘amount’’) from the main function. Finally, the function ‘‘Adding water’’ is activated, according to the amount of

milk it receives (via the variable ‘‘amount’’) from the main function and the amount of water in the bottle which it

receives (via the variable ‘‘water_amount’’) from the function ‘‘Water amount measurement’’.

Fig. B1. Preparation of baby milk – block diagram.

Fig. B2. Preparation of baby milk – structure chart.
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Appendix C – Achievement Test

The test for evaluating systems thinking and abstract thinking, mentioned in Section 4.4, was a multiple-choice test

(one correct answer and three distractors). It included 18 questions, half of which dealt with systems thinking and

half with abstract thinking. The test was given in two versions, one at the beginning of the school year (pretest) and

the other at the end (posttest). There were slight differences between the versions (e.g., numeric values, names of

variables, etc.). The test focused on analyzing a system combining hardware and software, as described below:

‘‘At a certain school, the principal requested the technician to install a system that permits the opening and

closing of the school parking lot gate by dialing from amobile phone. Eachmember of the school staff wishing to

open the parking lot gate, would dial a certain telephone number and the gate would open by a 24V DC motor.

After the gate opens, the systemwouldwait for 12 seconds, and if it discovered through a proximity sensor that no

one was going through the gate, the gate would close. Two position sensors would be installed in proximity to the

gate. One sensorwould signal to the system that the gate was completely closed, and the other sensor would signal

the system that the gate was completely open.

In the software, the main function calls the following secondary functions:

� Car_Gate – The function checks whether a vehicle crosses the gate;
� Order_Gate – The function checks whether a gateway request is received;
� Con_Gate – The function checks the gate status (fully open, fully closed or partially open);
� Open_CloseGate – The function opens/closes the gate.’’

Two questions are given below. The first question deals with systems thinking and the second with abstract
thinking.

1. In which case should the motor be connected to an electric relay instead of a current driver?
A. When a step motor is used instead of a DC motor.
B. When a servo motor is used instead of a DC motor.
C. When a DC motor is used instead of an AC motor.
D. When an AC motor is used instead of a DC motor.

2. In Fig. C1, a software code is given. Which line has a syntax error?
A. 13
B. 14
C. 18
D. 27

Fig. C1. Achievement test – software code
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