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ABSTRACT: This article presents the design of a system that can be used in different

teaching and learning activities, in particular teaching assembly language programming and

basic computer architecture for undergraduate studies. The system can be a self-learning tool

for students. On the other hand, teachers can utilize this system to develop prototype systems

and to demonstrate theories pertaining to operations of microprocessor-based systems. This

educational tool includes hardware and software components, which were developed by the

authors. The design of this system is based on principles of constructivism and learning is

through hands-on experience. The system is very flexible and users can incorporate new

modules for more advanced learning. Due to its flexibility and ease of use, it can also be

employed as a supplementary tool for teaching other engineering subjects. Data collected

from our evaluation study shows that majority of users found the system easy to use. In this

article, features of the system, as well as its design and evaluation results are presented.�2009

Wiley Periodicals, Inc. Comput Appl Eng Educ; Published online in Wiley InterScience (www.interscience.

wiley.com); DOI 10.1002/cae.20310

Keywords: assembly language programming; computer-aided learning; microprocessor-

based systems

INTRODUCTION

Basic computer system engineering is a fundamental

topic being taught in the Electrical Engineering

degree program of The Hong Kong Polytechnic

University because computer systems are becoming

an integral part of every electrical engineering

applications. Knowledge learnt from this subject can

be applied when students implement their final-year

project, which usually involves tasks such as writing

programs with assembly language and developing a
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microprocessor/microcontroller based hardware sys-

tem. In Hong Kong, the duration of engineering

undergraduate programs is still 3 years. The final-year

project is a year-3 component, which is in the form of

learning by doing [1,2]. Students are first introduced

to the subject Computer System Engineering in year-

2. Their knowledge is built by basically through

memorizing the facts. In addition, not all the topics are

covered during a 14-week semester; therefore,

students have difficulties applying their knowledge

into practice. In summary, they simply lack experi-

ence and theory/practice link to overcome problems

that they encounter during their projects. In order to

overcome this weakness and to help the students, we

would like to implement a system in which students

can learn both software and hardware techniques

relevant to computer architecture themselves. This is

the primary motivation behind this project.

Various tools can be used to transmit and acquire

knowledge in scientific disciplines as shown in many

research on this issue [3�6]. Appropriately designed

educational software can act as a catalyst in the

learning and teaching of all subjects, providing

promising opportunities for the construction of new

meanings that can be applied to the whole learning

process [7,8]. For example, Moreno et al. [9]

presented a software system for the teaching of

superscalar and VLIW processors and Rowe and

Gregor [10] described a World Wide Web based

computer-based learning system. Our tool includes

hardware components and a software program that

enables students to implement different microcon-

troller-based systems, from a very basic systems such

controlling the speed of a motor to the complex ones

such as mobile robot navigation.

The learning model in our system is based on

constructivism and students can select to study the

type of information they consider appropriate by

solving real problems [7,11] and through these

experiences, students are able to construct their own

knowledge and eventually solve problems pertaining

to their own projects. In addition, teachers or

developers can also make use of the system to

demonstrate different topics in areas of hardware

design and assembly language programming.

The article is organized as follows: in

second section, we describe the system model and

structure. Both hardware and software components

will be discussed and applications of the system

in teaching and learning activities are given in

third section. Fourth section includes preliminary

evaluation results and an example demonstrating

the learning outcome will be presented. Finally,

conclusions are given in fifth section.

SYSTEM MODEL AND IMPLEMENTATION

A typical computer-based project involves both

hardware and software developments. The hardware

may include sensors and actuators, while the software

is used to control these hardware modules. For

example, to implement a robot that can avoid

obstacles when it moves, we can apply Infra-red

(IR) sensors to detect obstacles and motors to drive the

robot. Then the software written should monitor the

signals received from the IR sensors and then produce

a proper output to control the motors. Referring to this

simple processor-based control mechanism and spec-

ifications of projects developed by students in the past,

we have derived a system model as illustrated in

Figure 1. In this model, system includes three

hardware components namely input devices, output

devices, and a processing unit, which is a micro-

controller. Microcontrollers, such as 8051 series,

Basic Stamp, or BasicX, are commonly used instead

of the traditional microprocessors because of their

low-cost and simple architecture. The basic operating

mechanism of the system is to process input signals

coming from input devices and then output a proper

control signal to various output devices according to

the program written by user. From our observations,

such model maps well to most projects implemented

by our final-year students. Since our system includes

both hardware and software components and most

importantly these two are closely related; therefore

we name it Hardware�Software Co-design (HSC)

system.

Hardware Modules

In order to enable students to learn by implementing

real systems, suitable input and output devices

together with a microcontroller module are provided

so that they can develop projects that can tackle

practical problems. The processing unit used in the

Figure 1 Model of a computer-based system.
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system is the Analog Device ADuC832 processor

[12]. The ADuC832 processor is already part of the

experimental setup adopted in the second-year subject

Computer System Principles; therefore, students are

all familiar with features of the device. The basic

architecture of the ADuC832 processor is based on

the 8052 microcontroller. Its basic features such as

8-bit I/O ports, timers as well as the instruction set are

all compatible with 8052 microcontroller. In addition,

the processor also includes many useful features such

as 12-bit Analog to Digital Converters (ADCs),

Digital to Analog Converter (DAC), and Pulse Width

Modulation (PWM) outputs. Many students are

utilizing this device to implement their projects due

to its versatility.

After evaluating many projects implemented by

students, we were able to identify commonly used

input and output devices to be included in the system.

For input, it includes IR sensors, keypad, and touch

switches. The output modules include a robotic arm,

motor and wheel set, a speaker, and seven-segment

displays. By combining different input and output

devices, systems such as an electronic organ, an alarm

system, or a robotic car, as shown in Figure 2, can be

implemented. The robotic car makes use of the motor

and wheel set, the robotic arm and the keypad. By

using different keys in the keypad, actions such as

pickup an object, moving in different directions can be

performed.

The hardware modules are interacting with each

other by connecting to the I/O ports of the ADuC832

processor. All input and output devices are imple-

mented as modules; therefore, we can develop new

modules and making the system flexible. Most

importantly, students can also adopt the modules to

their own projects; an example of such is described in

fourth section.

The Software Component—Motivating
Combinable Assembly (MCA)

After connecting the hardware modules together, the

next and also the most important step is to write a

proper program. For our students, this is a difficult

task, for reasons discussed in the Introduction Section.

The major role of the software component, which is

calledMotivating Combinable Assembly (MCA) is to

assist students to develop a proper assembly language

program for the ADuC832 processor so that control

of the input/output devices can be achieved. The

following design criteria are considered:

(I) The system must be user-friendly and include

proper instructional information to guide the

users. A graphical user interface (GUI) based

on the Windows Forms programming meth-

odology [13] is implemented. Windows

Forms programming is easy to implement

and maintain. A prototype system imple-

mented with the Windows Forms was used to

test the effectiveness of the GUI based on the

style of forms and according to the collected

feedback, more than 70% of the users were

satisfied with the form-based operation envi-

ronment.

(II) As a self-learning tool, the system must have

an easy to follow procedure and a top�down

approach is adopted for configuring the

program.

(III) The system must support the hardware

modules. For example, if the hardware

system includes an IR sensor then proper

software module must be provided so that

users can invoke the proper software module

representing the IR sensor.

(IV) In order to achieve the self-learning objec-

tive, the system should generate a program in

assembly language so that users can correlate

actions performed by the system to the

program source codes. Source program is in

the form of assembly language because

students have the basic training of its syntax.

In addition, assembly language program can

clearly illustrate operations performed by the

processor. This enables students to have a

better understanding of the working princi-

ples of the system. Techniques applied in

assembly language programming are similar

regardless of the microprocessor type; there-

fore, by learning the assembly language for

the ADuC832, students can easily adapt to

other processors.

Figure 2 A robotic car implemented with different input

and output modules. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.

com.]
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Structure of the MCA

The overall structure of the MCA system presented

in the form of a data flow diagram (DFD) based on

symbols defined by Gane and Sarsen [14] is shown in

Figure 3. The Windows Forms programming is based

on Object-Oriented Programming (OOP); therefore,

the MCA system is also an OOP program imple-

mented with the Cþþ programming language. As

shown in Figure 3, there are three major processing

modules namely ModGen, FrontEnd, and ProgGen.

The ModGen and the FrontEnd are user interfaces

for two groups of users, in general, students and

developers. Developers refer to teachers or instructors

and they can utilize functions provided by the

ModGen to create software objects for the corre-

sponding hardware modules rapidly with some basic

programming knowledge. All software objects are

grouped in a repository (S1) as shown in Figure 3 and

the FrontEnd will search the repository to obtain

information of the available software modules. If an

instructor wants to introduce a new hardware module

or concept then with the help of the ModGen module,

corresponding software object can be generated and

readily available for users. Since the focus of this

article is on the teaching and learning aspects of the

system; therefore, details regarding the ModGen

module will not be discussed in details.

Students can utilize the software to develop

programs for their projects and the FrontEnd provides

a form-based GUI to guide students when developing

a program, as shown in Figures 4 and 5. The main

form, as shown in Figure 4, employs a top�down

approach to guide users to complete the programming

task. According to the system model, as shown in

Figure 1, steps included to define a program are:

(I) Selecting the input devices.

(II) Selecting the output devices.

(III) Defining default actions performed by an

output device, this step is optional as there

may not be default actions to perform.

(IV) Defining actions performed by an output

device with respect to status of an input

device.

(V) Generate an assembly language program.

(VI) Download the program to the micro-

controller.

Following the above steps, system will generate

an assembly language program for the target pro-

cessor. By studying the program and observing the

actions performed by the system, students can learn

the programming techniques required to control the

hardware modules.

In Figure 5, the GUI for configuring the output

devices is depicted. At this stage, a user only needs to

select the hardware modules included in the computer

system and determine the I/O port and pin location(s)

occupied by the devices. Once a device is configured,

the information will be shown in the right-hand-side

column of the form. Functions that can be performed

by the device are also included in the form to assist the

users. When both input and output devices have been

configured then users can determine actions to be

performed by the output devices with respect to

different input status and this is achieved by the GUI

shown in Figure 6.

Figure 3 Overall software structure of the MCA.
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The user will first select the input device listed in

the form as shown in Figure 6a. Since each input

device can produce different signals, for example,

an IR sensor can have the ON state or OFF state;

therefore, users must also choose the desired signal to

activate the output device. The device presented in

Figure 6a is the keypad; therefore keys, from 1 to 9,

are provided as viable input items. Columns on the

right-hand-side illustrate operations controlled by the

corresponding device. After choosing the input

device, through the form shown in Figure 6b, users

can select the output device to be controlled. The

form, Figure 6b, includes the available output devices

as well as functions supported by each device. The

most special feature incorporated in this form is the

program codes shown on the right-side-hand. This

enables users to relate the program codes to the

operation performed by the device and through this

process they can learn the programming techniques

for utilizing different hardware modules.

When both input and output devices have been

properly configured, an assembly language program

for the ADuC832 will be generated, to supplement the

program a file describing tasks to be performed by the

system is also created as a reference. Figure 7a depicts

a partial program and the task description file,

Figure 7b, created by the MCA system. The user

can now download the program to the microprocessor

and observe the system in real action. As shown in

Figure 7b, we can observe how different keys of the

keypad and an IR sensor can control the robotic car.

For example, when the key ‘2’ is pressed, the robot

Figure 4 Main form of the FrontEnd. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Figure 5 Form for defining output modules. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
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will move forward and when the IR sensor is active

(ON), the robotic arm will be closed to capture an

object. By examining the files, the assembly

language program and actions of the robot, users

can gain the knowledge of hardware control using a

microprocessor.

APPLICATIONS OF THE HSC SYSTEM

In second section, architecture of the HSC system has

been described in details and in this section, applica-

tions of the HSC system in teaching and learning will

be discussed. The major objective of the system is to

allow students to learn microprocessor related system

design as well as the control mechanism using

assembly language programming. Based on the

available hardware modules, users can design differ-

ent systems and utilizing the MCA system to produce

the proper control program swiftly. Since both

hardware and software are presented to users therefore

they can observe operations of the system. Moreover,

by modifying the program, users can test their

understanding of the system. Hence, by utilizing the

available hardware modules, one can demonstrate

different topics in hardware design and assembly

language programming. For example, the structure

and design of an IR sensor can easily be explained by

implementing a mini-project using an IR sensor to

detect the presence of an object. Using an IR sensor as

the input module and the robotic arm as an output

module, the control software created by the MCA

system can easily achieve the task of grabbing an

object when the object is sensed by the IR sensor.

Teachers can also utilize the system to develop

prototype systems to demonstrate theories related to

Figure 6 (a) Form to select input device. (b) Form for selecting function performed by output

devices. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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microprocessor-based systems. For example, basic

input�output mechanism can be demonstrated using

simple output devices such as LEDs or a seven-

segment displays and input devices such as a keypads

or IR sensors. Alternatively, a prototype system using

a keypad to control a seven-segment display can be

built to demonstrate basic I/O mechanism as well as

operating principles of a keypad. With the program

produced by the MCA, a working prototype will be

available and most importantly a teacher does not

need to perform a lengthy programming task. More

advanced topics in microcontrollers, such as the

operation of the internal timer, can be explained with

practical examples. For instance, by implementing a

simple DC motor control system with PWM signal.

The prototype system can be developed very easily

using a motor and wheel set as output and a keypad as

input. With such set up an instructor can demonstrate

how parameters of the timer can manipulate the speed

of the motor.

A wide range of microprocessor-based devices

can be implemented by putting different hardware

modules together. Features of the HSC system can be

enhanced further by including more hardware mod-

ules. This allows students to learn both hardware and

software design and be creative with different design

ideas.

SYSTEM EVALUATION

The initial system evaluation mainly focused on the

system design of the FrontEnd module. Students from

the year-3 class were invited to test the system and a

questionnaire was prepared and results from the

survey were presented in Table 1. Referring to

Table 1, users in general were able to follow the

procedure prescribed by the system for developing a

program. The creation of the source program is an

important feature and majority of the users agreed that

the feature can help them to develop the software

easily and more than half of the users were able to

learn the programming techniques by studying the

assembly program provided. Currently, the GUI is

Figure 7 (a) Extract of a source program generated by the MCA system. (b) Description file

generated by the MCA system.

Table 1 Results of the Survey

Question

Answer

0 (%) 1 (%) 2 (%) 3 (%) 4 (%)

(1) The program has a clear flow 0 8.3 33.3 50 8.3

(2) You can easily follow steps to design the software for your system 0 8.3 33.3 50 8.3

(3) The program provides clear help menu and instructional information 0 0 16.6 75 8.3

(4) You can generate a program for your computer system very easily 0 0 8.3 50 41.7

(5) The program procedures are too lengthy 0 41.7 58.3 0 0

(6) It is a valuable experience to learn by studying the source program 8.3 16.7 25 50 0

(7) The graphic user interface of the MCA is not user-friendly 0 16.7 66.7 16.7 0

Answer: 0, strongly disagree; 1, disagree; 2, no strong view; 3, agree; 4, strongly agree.
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based on Windows forms, which are easy to imple-

ment and it also allows us to enforce users to follow

the pre-defined programming process. Certainly,

forms programming is less flexible when comparing

to programs that allow users to ‘‘drag-and-drop’’

software components, such as the LabView [15] and

this is certainly an area to be explored in the future.

Students who took part in the evaluation exercise

were able to demonstrate constructive learning, by

utilizing the system, students were able to establish a

solution for a real world problem. The problem posed

to them was the control of a three-phase motor. Based

on the knowledge gained in controlling the motor and

wheel module, students were able to learn the basic

mechanism of motor control and apply it to control a

three-phase motor. The block diagram of the system

developed by the students is shown in Figure 8, which

includes hardware modules from the HSC system and

a three-phase motor. In addition to the hardware

modules, the students also make use of the MCA

system to first develop a prototype program to control

a motor and then modify the prototype program to

control the three-phase motor.

CONCLUSIONS

In this article, we described the design and evaluation

of a system that supports the learning of basic

computer architecture as well as assembly language

programming. Our system is based on modules (both

hardware and software) and therefore, developers can

introduce new hardware modules to accommodate

new topics to be taught. Since a computer system

includes both hardware and software components;

therefore, our HSC system provides modules in both

forms so that users can implement real systems and

observe how the software and hardware components

interact.

Constructive learning is adopted and students are

provided with tools to develop microprocessor-based

systems and through this experience, new knowledge

can be developed. Students were able to demonstrate

this successfully by utilizing our system to implement

a solution for a real-life problem.

System Limitations and Future
Development

Currently, our system can only support hardware

modules that occupy only one I/O port. Devices, such

as a parallel LCD display, require more than 8-bit

to control therefore cannot be included. The MCA

system generates a program in assembly language

according to specifications given by users but the C

language is another approach for developing programs

for the microcontroller-based system so we will

consider implementing a different version of the

software that can output a C program for the

microcontroller. Our system is implemented with

the Windows Forms programming methodology,

which is an easy to use development tool but the

form-based user interface is less attractive comparing

to software that supports ‘‘drag-and-drop’’ feature.

As reflected in the survey results, users prefer a more

flexible GUI system. The form-based interface also

Figure 8 Application of HSC to control a three-phase motor.
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limits the presentation of multiple copies of the same

hardware module. For example, if the system includes

four LED modules then each module is regarded as

a unique component. The system developer must

prepare software components for each LED module

and users will be presented with four LED modules,

each of which has a different name, and this may

confuse the users. In addition, control that requires the

combination of signals from multiple inputs is also

difficult to illustrate using the form-based GUI. In

future, we will try to resolve the limitations discussed

above and develop a more user-friendly GUI system.
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