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This article presents an experience on competition project-based learning (CPBL) in 
a digital circuit application course offered for junior students in Mechatronics 
Engineering curricula. The digital circuit application course covers mostly 
hardware programing for programmable logic devices (PLDs). The course has two 
tracks of in-class learning and in-lab experiment to balance both the theoretical and 
experimental contents. Weekly laboratory assignment provides students with 
fundamental knowledge to build a line tracer, which is a one same project per 
student (OSPPS) using an experimental kit offered in the class. The experimental kit 
provides major parts including a body frame, complex programmable logic device 
(CPLD) platform, batteries, wheels, motors and motor drivers used to build a line 
tracer. At the end of the semester, line tracer competition was held to evaluate each 
student on the performance of the line tracer. The second chance was given to those 
who failed in the first competition so that all of the students can successfully finish 
their projects. The experience shows that individual CPBL is quite effective to 
attract students’ attention, motivate students to complete the project, and teach 
students creative hardware programming. 
 
Key words: CPBL, line tracer, digital application, CPLD platform, mechatronics 
education. 

 
 
INTRODUCTION 
 
Nowadays, digital technology has become one of the fastest 
growing and leading technologies in engineering fields. The 
major contribution to the digital revolution includes the 
development of software and hardware technologies. Among 
hardware technologies, the development of configurable 
hardware that requires hardware programming skills has 
been paid attention mostly from industries since they can 
provide creative design in digital systems application. 
Accordingly, industries prefer creative hardware engineers 
who have the skill of programming the hardware as well as 
the software. 

Therefore, universities have to provide enhanced 
educational programs regarding hardware programming to 
support the need of industries. As a result, contents of digital 

circuit course are rapidly transforming from the 
conventional digital circuit course that offers the physically 
wired circuit design into the programmable digital circuit 
design that deals with hardware programming based on the 
knowledge from digital logic, combinational circuit and 
sequential circuit to maximize the creativity of students.  

Recently, many universities try to offer digital courses 
dealing with hardware description languages (HDL) for 
designing programmable logic devices (PLDs) (Sothong and 
Chayratsami, 2010; Brackenbury et al., 2010; Smith et al., 
2010; Bascil et al., 2011; Radu et al., 2011; Tang et al., 2011; 
Debiec and Byczuk, 2011; Kastelan et al., 2012; Foster, 
2012; Todorovich et al., 2012; Kiray et al., 2013; Saurabh et 
al., 2013; Balid and Abdulwahed, 2013; Olivares et al., 2010;  
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Quiles et al., 2011; Wang, 2011; Ortega-Sanchez, 2011; 
Pereira et al., 2012; Tioh et al., 2012; Kellett, 2012; Lee et al., 
2012; Zhang et al., 2010; Meyer-Base et al., 2010; Meyer-
Base et al., 2010; Athar et al., 2012; Rengel et al., 2012; 
Azcondo et al., 2010; Sorensen and Falsig, 2012; Jung, 
2013).  

Most of the universities offer program-based digital 
circuit courses to junior level, but some to graduate level 
(Sousa et al., 2013). Major departments offering 
programmable digital design courses are Electrical and 
Computer related departments. However, the number of 
other departments offering similar course is gradually 
increasing due to industry requirements. Industrial 
Engineering and Mechanical Engineering-related 
departments in some universities also offer similar courses, 
but their applications are different (Rengel et al., 2012; 
Azcondo et al., 2010; Sorensen and Falsig, 2012; Jung, 
2013).  

The digital design courses use basically PLD platforms to 
design digital circuits (Sothong and Chayratsami, 2010; 
Brackenbury et al., 2010; Smith et al., 2010; Bascil et al., 
2011; Radu et al., 2011; Tang et al., 2011; Debiec and 
Byczuk, 2011; Kastelan et al., 2012; Foster, 2012; 
Todorovich et al., 2012; Kiray et al., 2013; Debapratim et al., 
2013; Balid and Abdulwahed, 2013). CPU, computer related 
circuits (Olivares et al., 2010; Quiles et al., 2011; Wang, 
2011; Ortega-Sanchez, 2011; Ortega-Sanchez, 2011; Pereira 
et al., 2012; Tioh et al., 2012; Kellett, 2012; Lee et al., 2012; 
Kumar et al., 2013) and digital signal processing 
applications (Zhang et al., 2010; Meyer-Base et al., 2010; 
Meyer-Base et al., 2010). The University of Manchester 
offers the course covering system-on-chip (SoC) design to 
the third year students of Computer-related Engineering 
(Sothong and Chayratsami, 2010). University of Arkansas 
integrates the asynchronous digital design into the VHDL in 
“Digital Design II” course (Smith et al., 2010). 

Digital design course using programmable boards is 
offered at three different universities and the effect on 
student learning and performance is analyzed (Radu et al., 
2011). Rowan Electrical and Computer Engineering school 
provides the integration of SoC projects to develop 
transmission control protocol/internet protocol (TCP/IP) 
engine. Computer Engineering curricula in Kettering 
University present digital systems courses that use field 
programmable gate arrays (FPGAs) and VHDL to program 
sequential logic, ladder logic and fuzzy logic along with 
laboratory experiments (Kastelan et al., 2012). 
Programmable logic with HDL is integrated into a “Digital 
Electronics” course for CS students (Foster, 2012). The 
benefits and capabilities of reconfigurable platforms are 
presented in terms of education and research (Wang, 2011). 

University of Newcastle offers a course called 
“Programmable Logic Design” to teach Computer 
Engineering students both FPGA with HDL and computer 
architecture (Pereira et al., 2012). Pipelined CPU design 
with FPGA system is offered to give hands-on experience to  

 
 
 
students (Tioh et al., 2012). 

National University of Singapore introduces embedded 
systems courses to train students the concept of using FPGA 
platform for designing real-time embedded systems (Lee et 
al., 2012). The project of Computer Electronics course in the 
Computer Engineering and Electronics tracks of master’s 
program is presented (Kumar et al., 2013). University of 
New Mexico presents an undergraduate course and 
laboratory in digital signal processing with FPGAs (Zhang et 
al., 2010).  

Competition between student groups for designing digital 
circuits is encouraged to motivate students (Athar et al., 
2012). Especially, system-on-chip design using HDL learning 
is applied to robotics application (Azcondo et al., 2010). 
Table 1 lists the summary of universities offering 
programmable hardware course using PLD platform 
introduced in the literature. Contents of most of courses are 
limited to conventional digital circuits and CPU design 
offered by Electrical or Computer Engineering departments. 
However, other departments use PLD platforms to focus on 
control and robotics applications. 

Therefore, in this paper, an experience on developing a 
digital circuit application class covering hardware 
programming using PLD platform for junior students in 
Mechatronics Engineering curricula is introduced. 
Mechatronics is an interdisciplinary program that requires 
more weights on real applications. Mechatronics 
Engineering students are expected to have abilities of 
designing the system, building hardware, programming 
software, interfacing with external devices and controlling 
the system. Thus, ultimately, the goal of Mechatronics 
Engineering education is to train students to have the 
capability of integrating their own dynamical systems to 
satisfy given specifications from design to test.  

In this Mechatronics education framework, the digital 
circuit application course offers two tracks: in-class lecture 
and in-lab experiment. Students learn theoretical digital logic 
in the class and conduct experiments in the laboratory. An 
individual competition project-based learning (ICPBL) in the 
class is presented to evaluate the performance of students. 
An individual project of building a line tracer using a CPLD 
as a main processor is assigned to every student taking this 
class to avoid the problem of group projects. Students are 
tested for VHDL programming skill to run their line tracers 
since the capacity of the CPLD platform is limited. A set of 
the same components to build the line tracer is given to 
every student.  

The reason of selecting the line tracer is that it is a kind of 
wheeled-drive mobile robot that draws students’ attention. 
The line tracer requires the integration of knowledge on 
hardware programming for CPLD, body design, sensors, 
signal processing and DC power circuits with a minimum 
cost. Lastly, the line tracer competition among students is 
held to encourage their efforts. At the end of the semester, 
line tracer competition is used to evaluate the performance 
of their projects.  
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Table 1: University courses dealing with HDL. 
 

Departments Digital circuits Computer / CPU related 
Digital signal 
processing 

Control/ 

robotics 

Electrical 
Engineering 

King Mongkut Institute of 
Technology (Sothong and 
Chayratsami, 2010). 

Curtin University (Ortega-
Sanchez, 2011). 

University of New 
Mexico (Meyer-Base 
et al., 2010). 

- 

Sakarya University (Bascil et 
al., 2011). 

Iowa State University (Tioh et 
al., 2012). 

Lahore University of 
Management 
Sciences (Athar et 
al., 2012). 

- 

Turgut Ozal University 
(Todorovich et al., 2012). 

National University of 
Singapore (Kumar et al., 
2013). 

 - - 

Indian Institute of Technology, 
Bombay (Debapratim et al., 
2013). 

 - - 

University of Aleppo (Balid 
and Abdulwahed, 2013). 

 - - 

 

Information/ 

Computer  

University of Manchester 
(Olivares et al., 2010; Quiles 
et al., 2011). 

University of Cordoba 
(Olivares et al., 2010; Quiles et 
al., 2011). 

Technical University 
of Lisbon (Sousa et 
al., 2013). 

University of 
Salamanca (Rengel et 
al., 2012). 

 

Science/ Computer 

Engineering 

University of Arkansas (Smith 
et al., 2010). 

Villanova University (Quiles et 
al., 2011). 

- - 

Rowan University (Tang et al., 
2011). 

University of Vale do Itajai 
(Ortega-Sanchez, 2011). 

- - 

Technical University of Lodz 
(Bascil et al., 2011). 

University of Newcastle 
(Pereira et al., 2012). 

- - 

Kettering University (Debiec 
and Byczuk, 2011). 

Korea University (Tioh et al., 
2012). 

- - 

Universidad Nacional del 
Centro de la provincial de 
Buenos Aires (Foster, 2012). 

 
 Beihang University 
(Sousa et al., 2013). 

- 

 

Industrial 
Engineering 

 

- - - 
University of 
Cantabria (Rengel et 
al., 2012). 

 

Mechanical/ 

Mechatronics 
Engineering 

- - - 

University of 
Southern Denmark 
(Azcondo et al., 
2010) 

   
Chungnam National 
University (Jung, 
2013) 

 

 
 
ELECTRONICS TRACK of MECHATRONICS CURRICULA 
 
Mechatronics Engineering department in Chungnam 
National University offers the interdisciplinary program 
consisting of three tracks: mechanics, electronics and 
computer. Each track has various courses from the basic to 
the advanced. Since the Mechatronics curricula focus on 

empirical studies, experimental courses such as mechanical 
design using the CAD program, industrial machines, 
electrical and digital circuit design using Pspice, 
microprocessor design, computer measurement are core 
experimental courses for students to take.  

Students are trained to have the ability to integrate the 
whole system from design to implementation. Students  
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Table 2: Circuit-related courses in Mechatronics engineering curricula. 
 

Years Semester Courses Hardware platforms 

Senior Spring DSP design robotics DSPs and AVR 8 bit microprocessor 

Junior 
Fall 

Sensor and signal processing 
microprocessor design 

AVR 8 bit microprocessor 

Spring Digital circuit application CPLD platform 

Sophomore 

Fall Digital circuit  Digital components (ICs, flip/flops, counters) 

Spring Electrical circuit  
Analog components (Resistors, capacitors, diodes and OP 
amps, etc). 

 
 
 
learn how to use CAD tools to design mechanical systems, 
how to make mechanical bodies using CNC machines, how 
to build electrical circuits, how to interface with computers 
and how to control them to satisfy the given specifications.  

One of major tracks in Mechatronics curricula is to cover 
electronics-related courses. From Sophomore to Senior 
level, students are required to learn how to deal with 
hardware platforms. Students learn the basic circuit 
systems, both analog and digital systems at Sophomore 
level. After that, the digital circuit application course is 
offered to the junior students at the Spring semester using 
CPLD platforms to design digital circuits. Then, they learn 
how to use microprocessors to integrate the Mechatronics 
systems. Table 2 lists hardware platforms learnt in 
Mechatronics curricula. 

 
 

DIGITAL CIRCUIT APPLICATION COURSE 
 
The digital circuit application class is offered at the junior 
level as an extension of digital circuit systems at sophomore 
level whose contents are the basic digital logics. The digital 
circuit application course provides more application-
oriented contents such as case studies of designing digital 
state machines. The course offers two tracks, theoretical 
lecture in class and experimental works in laboratory. 
Although the course offers 3 units, students are required to 
spend more time than expected.  
The goal of this course is not only to provide knowledge on 
hardware design but to give hands-on experiences of 
hardware programming. Programmable devices such as 
CPLDs or FPGAs are available as an educational kit. Students 
are required to perform experimental work with this kit 
weekly.  

Each student performs his/her own experiment with an 
experimental kit. Thus, this course is oriented for not a 
team but an individual training. A limited number of kits 
makes difficult for an individual student to conduct 

experiment alone with a kit, but the allocation of several 
groups for different laboratory time can be arranged. The 
idea of individual based learning in experiment is extended 
to the final project to build his/her own line tracer. This is to 
ensure that all students learn how to perform experiments 
themselves. Otherwise, in the group experiment, there will 
be a chance to have possible students who do not perform 
experiment at all. 

Table 3 shows the overall lecture contents for the course. 
In class teaching, designing digital systems using VHDL 
program along with other topics such as state machines, 
numerical representation, numerical calculation and PWM 
are emphasized. In the laboratory work, embedded design 
and experiment are performed on the CPLD. Specially, 
motor control using pulse width modulation (PWM) signals 
is conducted and emphasized. The contents of laboratory 
experiment on each week are composed of basic digital 
circuit designs required for building a line tracer. From 
VHDL programming to motor control, laboratory 
experiments are assigned weekly. Students are required to 
submit a preliminary report that includes hardware 
simulation results before conducting experiments so that 
students can compare results between simulation and 
experiment.  

After the mid-term examination, all students are given a 
box containing parts to build a line tracer. Contents of parts 
are listed in Table 4 and shown in Figure 1. Majority of parts 
is provided except sensor-related parts which are relatively 
cheap such that it is affordable for students to buy. At the last 
week of the semester, line tracer competition is held.   
 
 
COMPETITION PROJECT-BASED LEARNING 
 
Most of the engineering courses require students to perform 
a project by a group of a single or two or three students to 
improve students’ learning abilities. PBL is an effective and 
common method in engineering education to give students  
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Table 3: Contents of lecture and laboratory. 
 

Week Track 1: In-class lecture Track 2: In-lab. experiment 

1 Review of digital circuit (Combinational logic circuit) Orientation 

2 Review of digital circuit (Sequential logic circuit) Introduction to Quartus II 

3 Introduction to CPLD Introduction to VHDL programming 

4 Introduction to VHDL Combinational circuit design 

5 VHDL programming Key pad design 

6 Numerical representation Dot matrix design 

7 Numerical calculation Midterm exam 

8 State machine design Counter design 

9 State machine design: Case studies Arithmetic logic unit design 

10 Introduction to PWM AD/DA converter 

11 Fixed point calculation PWM 

12 Floating point calculation Servo motor control 

13 Computer architecture Encoder counter design 

14 Control unit Line tracer design 

15 Final exam Line tracer competition 

 
 
 

Table 4: Part list. 
 

Items Quantities 

Stepper motors 2 

Motor Driver 2 

CPLD hardware 1 

Battery pack 1 

Wheels 2 

Box 1 

 
 
 

 
 
Figure 1: Line tracer
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Table 5: Different project concepts. 
  

Types of 
project 

Description Advantages Disadvantages 

OSPPS One same project per student 

-Competition PBL is possible 

-Can maximize individual 
abilities 

-Fair evaluation 

-Higher success rate 

-Lack of teamwork 

-Expensive cost 

ODPPS One different project per student -Can have more creativity 

-Lack of teamwork 

-Lack of fair evaluation 

-Expensive cost 

OSPPG 
One same project per group (Kiray et al., 2013; Quiles 
et al., 2011; Lee et al., 2012; Sousa et al., 2013) 

-Competition PBL is possible 

-Can have teamwork 

-Higher success rate 

-Fair evaluation 

-Lack of fair contribution by 
members 

-Cheap 

ODPPG 
One different project per group (Debiec and Byczuk, 
2011; Azcondo et al., 2010) 

-Can maximize the creativity 

-Can have teamwork 

 

-Lack of fair contribution by 
members 

-Cheap 

-Lack of fair evaluation 

MSPPG Multiple same project per group (Radu et al., 2011) 

-Higher success rate 

-Learn teamwork 

-Learn various systems 

-Lack of fair contribution by 
members 

  

 
 
hands-on experience. PBL can be categorized into four 
different types. 

Table 5 shows the definition of the different project 
concepts such as one same project per student (OSPPS), one 
different project per student (ODPPS), one same project per 
group (OSPPG) and one different project per group 
(ODPPG) according to the number of students in a group 
and the kind of projects.  

The advantage of the OSPPS project over the OSPPG 
project is the effectiveness of educating individual student 
with intensive hands-on experiences. Students can gain 
his/her abilities by finishing the project by themselves. The 
OSPPS project is suitable for basic experimental courses 
such as digital circuits. Another advantage is to drive all of 
students to pass the project requirements. Although the 
OSPPS concept can cover the defects of the OSPPG project, 
the OSPPS project may suffer from lack of teamwork. 

The advantages of the OSPPS project over the ODPPS are 
the higher success rate of completing a homogeneous 
project. Since all students perform a same project, they can 
help each other to finish it. However, there is also lack of 
creativity due to the limitation of selecting a variety of 
different projects. 

Therefore, the selection of appropriate PBL among OSPPS, 
ODPPS, OSPPG and ODPPG is totally dependent upon the 
characteristics of courses. Here, the OSPPS is selected for 
the digital circuit application course since the course 
requires students to improve individual abilities of designing 
digital circuits by hardware programming to integrate 

Mechatronics systems in the future. In a meanwhile, Rose 
Hulman Institute of Technology requires students to 
accomplish multiple same projects per group (MSPPG) 
during the semester (Radu et al., 2011). This strategy is good 
for students to learn various subjects in digital circuit 
applications, which is a different concept from our strategy 
in that our course provides laboratory experiments to guide  
and help students to finish the line tracer project. University 
of Southern Denmark has a program for students to conduct 
one different project per group in the framework of motor 
control application using FPGA (Azcondo et al., 2010). They 
perform different projects, but in the same category of 
motion control applications. 
 
 
LINE TRACER PROJECT  
 
Line tracer competition 
 
Figure 1 shows the line tracer is a wheeled-drive mobile 
robot. The line tracer consists of several parts: a power unit, 
motor unit, sensor unit and a processor. The CPLD platform 
is used as a processor. The purpose of the line tracer is to 
follow the line on the board and to arrive at the goal 
position as soon as possible. The size of the line tracer is 
fixed. Within the size limitation, students are required to 
design their robots. Since every student is given a same 
hardware specification of a line tracer kit, the key of 
winning the race is the optimal hardware programming.  
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Figure 2: Components given to students. 

 
 
 

   
 
Figure 3: Student built line tracers. 

 
 

Figure 2 shows parts of the line tracer, while Figure 3 
shows some line tracers and Figure 4 shows the line is 
drawn on the competition day so that no students can test 
their line tracers before the competition. All of students are 
given the 2nd chance of the racing performance of his/her 
line tracer if they fail in racing at the first time. 

Figure 5 shows 32 students in 2009, participated in the 
project. In the first demonstration, 22 students (68.75%) 
passed by completing racing without failure. 10 students 
failed in the first competition because their tracers are not 
successful to follow the line to the end. Tables 6 and Table 7 
shows the results of the competition. 
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Figure 4: Line tracer track. 

 
 
 
 

 
 
Figure 5: CNU mechatronics line tracer participants.
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Table 6: 1st Trial demonstration result.  
 

1st Trial Number of students Percent (%) 

Pass 22 68.75 

Fail 10 31.25 

Total  32 100 
 

 
 
Table 7: 2nd trial demonstration result. 
 

2nd Trial Number of students Percent (%) 

Pass 10 100 

Fail 0 0 

Total  10 100 
 

 
 

Table 8: Grade. 
 

Grade items Evaluation (%) 

Homework 10 

Laboratory works 30 

Mid-term 20 

Final exam 20 

Line tracer project 20 

Total 100 

 
 
Course evaluation 
 
Students are evaluated based on their performance given in 
Table 8. The portion of in-class examination is relatively 
small and is less than 40%. Students can obtain the rest 60% 
from home works, experiments and project. This means that 
students are evaluated based on their everyday work and not 
by the examination. 
 
 
Student feedback 
 
Students evaluate the course at the end of the semester. 
Some comments about the course are listed. Some typical 
points about students' comments can be summarized as 
follows. Students spend more time in this course since the 
course requires laboratory experiments and a line tracer 
project, but more likely they enjoyed the pressure. Here, are 
the comments: 
 
1. Since the course deals with practical contents, it is quite a 
beneficial course; 
2. It is an interesting course because a robot-related project 
is assigned; 
3. They work hard since the course requires more time than 
other courses; 
4. Thank you for teaching. 

 
 
 
CONCLUSION 
 
The experience on developing competition project-based 
learning in the digital circuit application course is presented 
for the junior students of Mechatronics Engineering 
department. The digital circuit application class offers not 
only theoretical digital logic but also experimental laboratory. 
The course requires students to perform a project of 
building a line tracer as OSPPS. The project is individually 
assigned to each student to conduct individual competition-
project based learning (ICPBL). Competition of line tracking 
performance is held for student evaluation. Students compete 
with each other to win the race by optimizing HDL 
programs and designing bodies for reducing weights and 
minimizing failures. As a result, each and every student 
learns how to integrate hardware components, how to 
optimize conditions, and how to use their knowledge. 
Competition-based learning turns out to be quite effective in 
training students and the line tracer project actually draws 
students’ attention. 
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