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Abstract—One hundred thirty-three undergraduate students
in a digital filter design course participated in an experimental
study. Two independent variables which occurred in a virtual
laboratory environment were studied: 1) instructional treatments
(online text-only materials, online texts with illustrations, and
online texts with simulations); and 2) prior Internet experience
(high and low). Three dependent variables were measured:
1) a knowledge achievement test; 2) intention to use instruc-
tional treatments; and 3) interaction levels with instructional
treatments. The experimental research design of the study was
a 3 2 randomized posttest design. Multivariate Analysis of
Variance (MANOVA) was used to analyze collected data. The
main effects and the potential interaction of the two independent
variables were examined. Results indicate that the presentation
of waveform variations and the change of parameters in the
course content renders significant higher learning outcomes than
online text-only materials and online texts with illustrations
(Lambda (8 248) = 0 637 p 0 05).

Index Terms—Digital-filter design, e-learning, human-computer
interaction, virtual laboratory assessment.

I. INTRODUCTION

DIGITAL-FILTER design is typically designed to im-
part the concepts of digital signal processing, sampling

theorem, Fourier transformation, convolution, Z transforma-
tion, infinite impulse response (IIR) filter, and finite impulse
response (FIR) filter. This course involves complicated math-
ematical equations and dynamic waveform variations. From
the perspective of computer-aided learning, software simula-
tions designed as a virtual laboratory enhance students’ active
learning experience [1], encourage self-learning by providing
hands-on exercises [2], [3], and improve the effectiveness and
efficiency of engineering instruction and learning [4]–[6]. Pre-
vious studies in engineering education research have covered
a variety of disciplines, such as chemical engineering [4], [7],
computer engineering [8], electrical engineering [5], [9], and
mechanical/aerospace engineering [2], [3], [10].
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In the field of digital-filter design, several previous studies
developed computer software to simulate digital-filter design
concepts. For example, Stouraitis and Taylor [11] developed a
software package called DF-PAK for dual level courses such
as digital-filter design; Turner et al. [12] developed a system,
“DIGICAP,” which allowed designers to evaluate the structures
and implementation effect of different digital filters; Nielinger
[13] simulated the digital IIR filter biquad section using
PSPICE. Those studies focused on helping learners understand
the concepts required in the digital-filter design course with
the aid of a simulation system. However, they tended to create
simulations for certain particular concepts, not for the course
as a whole, which may ignore several important concepts,
such as the fundamentals of digital signal processing, theory
and architecture of digital filter, and design of digital filter. In
addition, previous studies rarely investigated the impact of such
a simulation system on student learning experience.

Two major problems were identified in reviewing current
research in assessing virtual laboratories. First, assessment of
irrelevant learning outcome variables: the majority of the cur-
rent research focused on assessing student affective measures
instead of evaluating genuine human learning performance as
related to different types of learning objectives. Second, weak
methodological design in conducting experimental research:
most research used a relatively small sample size and also
failed to validate the measurement instrument by reporting
reliabilities of dependent measures.

This experimental study explored the effect of simulations
in a virtual laboratory environment on engineering undergrad-
uate students’ learning achievement and attitude. Based upon
the purpose of the study, three research null hypotheses may be
drawn as follows.

1) No significant differences in student test achievement, in-
tention, and interaction levels when they learn by using
varied types of virtual laboratory instructional treatments.

2) No significant differences in student test achievement, in-
tention, and interaction levels when they have different
prior Internet experiences.

3) No significant interaction in student test achievement,
intention, and interaction levels between the two studied
independent variables: virtual laboratory instructional
treatment and prior Internet experience.

II. COURSE DESCRIPTION

Digital-filter design is one of the most important topics in
digital signal processing, a critical course in modern electronics/
electrical engineering education. The content of the course can
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Fig. 1. System architecture.

be applied to a wide variety of fields, such as communication,
medicine, control, robotics, and geophysics.

The content of the digital-filter design consists of fundamen-
tals of a digital filter, structures of a digital filter, design of
FIR, and IIR filters, applications of digital filters and tests, and
feedback systems. Several related hands-on experiments are de-
signed to help students apply their knowledge learned from the
course content. According to the subject-matter experts who are
currently teaching this course in the college, the course is di-
vided into three major parts as briefly described below.

Part I: Basic concepts on analog and digital signals are intro-
duced. In digital signal processing, an analog signal is transited
through an analog-to-digital (A/D) translator. The main capa-
bility of an A/D translator is to transform an analog signal into
a digital signal, after which, a digital-to-analog (D/A) translator
is used to convert the result of a digital signal into an analog
signal as its output.

Part II: The following theories in Digital Signal Processing
(DSP) are introduced: convolution, sampling theory, discrete
Fourier transform, and Z-transform. Then, basic principles and
design methods of FIR filter and IIR filter follow. Several design
examples are provided using MATLAB software simulations.
For example, an experiment of filter architectures is conducted
to convert coefficients from a direct form to a cascade form or
a parallel form.

Part III: Based on the fundamental theories of FIR and IIR fil-
ters introduced in Part II, the most important characteristics of
FIR filters are linear phase and position of zero, which are de-
signed by Windows method and frequency sample method. Two
main methods are introduced: 1) impulse invariant method; and
2) bilinear transform method. Finally, notch filters, comb filters,
and all-pass filters are introduced. The results of output wave
are obtained by using users’ interface designed by MATLAB
simulations.

Part II and Part III contain several virtual laboratory simu-
lation experiments. In Part II, seven simulation experiments
are conducted: 1) convolution; 2) sampling theory; 3) discrete
Fourier transform; 4) Z-Transform; 5) FIR filter; 6) IIR filter;
and 7) filter architectures transform. Part III contains eight
simulation experiments: 1) linear phase method; 2) frequency
sample method; 3) Windows method; 4) impulse invariant
method; 5) bilinear transform method; 6) notch filter; 7) comb
filter; and 8) all-pass filter. All the virtual laboratory simulation
experiments are conducted by using MATLAB.

III. VIRTUAL LABORATORY IMPLEMENTATION

The system architecture of this virtual laboratory comprises
four different modules: 1) End-user module; 2) Universal De-
scription Discovery and Integration (UDDI) server; 3) Appli-
cations (AP) server; and 4) Database server (Fig. 1). The end-
user module consists of the computers and browsers used by
teachers and students. The UDDI server supports registration
of Web services and service publishing via the Internet. The
AP server provides IIS service and three virtual laboratory in-
structional treatments, namely, online text-only materials, on-
line texts with illustrations, and online texts with simulations.
The database server primarily stores and manages accounts cre-
ated for teachers and students, keeps records of online discus-
sions, and publishes digital instructional materials for the dig-
ital-filter course.

The three virtual laboratory instructional treatments in the
AP server will be registered and published in the UDDI server.
After the end-users receive their verification and authorization
via Hypertext Transfer Protocol (HTTP) and Simple Object Ac-
cess Protocol (SOAP), they can enter the AP server and then the
database server can access the teaching and learning services
they request. The services provided by the Web server are man-
aged by the IIS server. Web services are managed by the AP
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Fig. 2. Instructional treatment 1.

server that is connected to the database server via Open Data-
base Connectivity (ODBC). The implementation of the Web ser-
vices employs a MATLAB tool and the .NET from Microsoft to
develop Web service solutions.

IV. METHODS AND PROCEDURES

A. Participants

One hundred and thirty-three undergraduate students in a dig-
ital signal processing course participated in the study from the
Electronic Engineering Department at the National Kaohsiung
University of Applied Sciences (KUAS), Taiwan, R.O.C. Out of
the participants, 125 (94%) were male; eight (6%) were female.
Their age levels ranged from 21 to 23.

B. Instructional Materials

One instructional unit in the course, Introduction to Digital
Filter, was used to conduct the experiment. This instructional
unit covered FIR filter and IIR filter.

C. Independent/Dependent Variables

Two independent variables were studied: 1) instructional
treatments (online text-only materials, online texts with il-
lustrations, and online texts with simulations); and 2) prior
Internet experience (high and low). Three dependent variables
were measured: 1) a knowledge achievement test; 2) intention
to use instructional treatments; and 3) interaction levels with
instructional treatments. A knowledge test was given after
students learned from the assigned experimental treatments.
A questionnaire was designed to measure these two student

affective constructs: 1) intention to use instructional treatments;
and 2) interaction levels with instructional treatments. These
two affective constructs were measured by a seven-point Likert
scale. The Cronbach’s alpha reliability coefficient is .903 for
the 13-item questionnaire [see Appendix]. In order to guarantee
the validity of the three dependent measures, the test items and
the questionnaire were reviewed by subject matter experts.

D. Research Design

The research design of the study was a 3 2 randomized
posttest design. Multivariate Analysis of Variance (MANOVA)
was used to analyze collected data. The main effects and the
potential interaction of the two independent variables were ex-
amined. Where significant F-values were found, pair-wise mul-
tiple comparison tests were performed by using the method of
Tukey’s Honestly Significant Difference (HDS) [14].

E. Instructional Treatments

Treatment 1 (control group): This treatment entailed the pre-
sentation of text-only materials on a HTML Web page. Partic-
ipants accessed the instructional materials by using a scrolling
browser (Fig. 2).

Treatment 2: On top of the treatment 1, this treatment added
several static waveform illustrations. Fig. 3 illustrates the FIR
waveform and depicts further the relationship among param-
eters , and and the width and height of corre-
sponding waveforms.

Treatment 3: This treatment allowed students to run simu-
lations by changing dynamic-filter parameters. The resulting
waveforms would help them better understand the variations of
waveform under different parametric values. Fig. 4 shows the
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Fig. 3. Instructional treatment 2.

input of four parameters ( , and ) and the resulting
waveform magnitude, magnitude in dB, and impulse.

F. Experimental Procedures

The student participants answered a seven-point Likert-type
question about their Internet experience before they were as-
signed different instructional treatment groups. Based on the re-
sult of the question, they were divided into two groups of high
and low prior Internet uses (56 and 77 students in each, respec-
tively). To avoid potential sampling bias, a stratified sampling
method was used to assign students randomly into instructional
treatment groups.

After being arranged into their assigned experimental groups,
the participants were allowed to have 45 minutes to complete the
virtual laboratory treatments. After finishing the virtual labora-
tories, the participants were asked to take their criterion posttest
and the questionnaire.

V. RESULTS

A. Results of MANOVA

The multivariate analysis of variance resulted in a Wilks’
Lambda value [14] that would determine whether independent
variables and their interaction had any effect on dependent vari-
ables. Table I showed that for the effect of interaction between
virtual laboratory treatments and prior Internet use, the value of

Wilks’ Lambda was .927, with 8 and 248 degrees of freedom,
which was not significant at the p-value of 0.05 .
This result failed to reject null hypothesis 3 in the study. Simi-
larly, the effect of prior Internet use on dependent measures did
not yield any significant differences . Therefore,
the null hypothesis 2 should not be rejected.

However, a significant effect of virtual laboratory treatments
was found . The uni-
variate analysis of variance resulted in an F-ratio that was used
to determine whether variations in the performance on the de-
pendent measures were influenced by the various treatments and
levels of prior Internet use. The detailed results are explained as
follows.

Hypothesis 1 investigated the treatment effect of virtual lab-
oratory treatments. An analysis of variance was conducted for
each of the three dependent measures. The results from these
three dependent measures are reported as follows.

• Dependent Measure 1: Knowledge test
The analysis of variance for the knowledge test showed

that significant differences among treatment groups existed
. Therefore, for the knowledge

test, hypothesis 1 was rejected at the 0.05 level.
Since significant differences existed in the knowledge test,

the follow-up Tukey’s HDS was conducted to determine where
the differences came from among the treatment groups. Table II
showed that significant differences were discovered between
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Fig. 4. Instructional treatment 3.

TABLE I
MULTIVARIATE TESTS

TABLE II
TUKEY HDS FOR KNOWLEDGE TEST

treatment 1 (online text-only materials) and treatment 3 (online
texts plus simulations), and between treatment 2 (online texts
plus illustrations) and treatment 3. However, no significant dif-
ferences occurred between the treatment 1 and treatment 2.

• Dependent Measure 2: Intention to use virtual laboratory
treatments

The analysis of variance for the Intention measure showed
that significant differences among treatment groups existed

. Therefore, for the Intention
measure, hypothesis 1 was rejected at the 0.05 level.

The Tukey HDS indicated that significant differences existed
between treatment 1 and treatment 2, and between treatment 1
and treatment 3. However, no significant differences were found
between treatment 2 and treatment 3 (Table III).

• Dependent Measure 3: Interaction levels with virtual lab-
oratory treatments

TABLE III
TUKEY HDS FOR INTENTION MEASURE

TABLE IV
TUKEY HDS FOR INTERACTION MEASURE

The analysis of variance for the Interaction measure showed
that significant differences among treatment groups existed

. Therefore, for the Interaction
measure, hypothesis 1 was also rejected at the 0.05 level.

Table IV indicated that there were significant differences
between treatment 1 and treatment 3. However, no significant
differences existed between treatment 1 and treatment 2, or
between treatment 2 and treatment 3.

• Summary of Hypothesis 1 Test
Statistical results showed significant differences in stu-

dents’ dependent measures among the three virtual laboratory
treatments. Specifically, regardless of levels of prior Internet
experiences, treatment 3 (online texts plus simulations) was
superior to treatment 1 (online text-only materials) for all the
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TABLE V
SUMMARY OF HYPOTHESIS 1 TEST

dependent measures (knowledge test, Intention, and Interaction
measures). In addition, treatment 2 (online texts plus illustra-
tions) was significantly better than treatment 1 on the Intention
measure. Treatment 3 was significantly better than treatment
2 on the knowledge test. Thus, the conclusion is that this null
hypothesis 1 should be rejected. Table V summarizes the results
of the statistical testing of hypothesis 1.

VI. CONCLUSION

From the previous findings, if not considering extraneous
variables, one may conclude that the virtual laboratory with
simulations improves students’ achievement in learning dig-
ital-filter design. In other words, the presentation of dynamic
waveform variations along with the change of parameters ren-
ders significant higher learning outcomes than online text-only
materials and online texts with static illustrations. In addition,
the students in the MATLAB simulation group expressed a sig-
nificantly higher intention to learn in such an environment than
in an online text-only environment. They also felt that learning
in a simulation environment created more interactions between
students and the virtual laboratory treatment. These results are
consistent with Clark and Mayer’s assertion [15] that process
information is effectively visualized with animations/simula-
tions. In fact, simulations make it easier to observe differences
among varied waveforms when assumed parameters change.
In terms of usability [16], such results reflect the attributes of
virtual laboratory simulations. They are easy to learn, efficient
to use, and easy to remember.

While students found online texts with static illustrations
were more interesting to learn than the text-only group, their
learning achievements did not yield significant differences.
One of the potential explanations is that the static illustrations
along with the online texts in digital-filter design content are
too complex to comprehend. Those complex illustrations may
need further clarification by using other effective instructional
strategies.

This experimental study provided a framework of assessing
virtual laboratory simulations by involving human participants.
According to the findings of the study, future research should
continue to investigate the impact of virtual laboratory en-
vironments on students’ learning achievement, especially on
their higher order cognitive abilities, such as comprehension,
problem-solving, and critical-thinking skills. Additionally,
future studies should consider more human factors in such a
learning environment, such as learners’ individual differences,
learning styles, preferences in learning visual/audio materials,
etc. Many of the independent variables associated with the
study of aptitude-treatment interactions should be taken into
account in the design of virtual laboratories.

While virtual laboratory simulations may be manipulated to
influence students’ learning positively, particular attention must
be given to guidelines derived from learning with simulations
and experimental methodology, and consideration of learner
characteristics and learning styles. Only by initiating a sys-
tematic program of investigation where independent variables
are judiciously manipulated to determine their relative effec-
tiveness and efficiency of facilitating specifically designated
learning objectives will the true potential inherent in virtual
laboratory simulations be realized.

APPENDIX

The respondents need to answer the following questions in
the seven-point Likert Scale, i.e., score 7 if you strongly agree
with the statement, 4 if you neither agree nor disagree, and 1 if
you strongly disagree.

1) I find that virtual laboratory simulation allowed flexible
interactions.

2) I interacted with virtual laboratory simulation in a clear
and comprehensible manner.

3) My interactions with virtual laboratory simulation did not
require much effort on my part.

4) I find virtual laboratory simulation easy to use.
5) I find it easy to access the knowledge I needed from virtual

laboratory simulation.
6) Using virtual laboratory simulation gave me more incen-

tive to learn.
7) Using virtual laboratory simulation added to the fun of

learning.
8) Using virtual laboratory simulation improved my learning

experience.
9) Using virtual laboratory simulation enhanced my knowl-

edge and skills.
10) Using virtual laboratory simulation enhanced the effec-

tiveness in learning.
11) I find the virtual laboratory simulation useful for learning

the course.
12) If I have access to virtual laboratory simulation, I have the

intention to use it.
13) When I have access to virtual laboratory simulation, I ex-

pect to make use of it.

ACKNOWLEDGMENT

The authors would like to thank the editor of IEEE
TRANSACTIONS ON EDUCATION and the anonymous reviewers
of this paper for their kind assistance and helpful suggestions.

REFERENCES

[1] G. Kearsley and B. Shneiderman, “Engagement theory: A framework
for technology-based teaching and learning,” Educ. Technol., vol. 38,
no. 5, pp. 20–23, 1998.

[2] M. Regan and S. Sheppard, “Interactive multimedia course-ware and
the hands-on learning experience: An assessment study,” J. Eng. Educ.,
vol. 85, no. 2, pp. 123–131, 1996.

[3] F. Stern, T. Xing, D. B. Yarbrough, A. Rothmayer, G. Rajagopalan,
S. P. Otta, D. Caughey, R. Bhaskaran, S. Smith, B. Hutchings, and
S. Moeykens, “Hands-on CFD educational interface for engineering
courses and laboratories,” J. Eng. Educ., vol. 95, no. 1, pp. 63–83, 2006.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CHEN et al.: ASSESSING VIRTUAL LABORATORIES IN A DIGITAL-FILTER DESIGN COURSE: AN EXPERIMENTAL STUDY 7

[4] J. G. Mackenzie, W. B. Earl, R. M. Alien, and I. A. Gilmour, “Amoco
computer simulation in chemical engineering education,” J. Eng.
Educ., vol. 90, no. 3, pp. 331–345, 2001.

[5] J. O. Campbell, J. R. Bourne, P. J. Mosterman, and A. J. Brodersen,
“The effectiveness of learning simulations for electronic laboratories,”
J. Eng. Educ., vol. 91, no. 1, pp. 81–87, 2002.

[6] A. Parush, H. Hamm, and A. Shtub, “Learning histories in simulation
teaching: The effects on self-learning and transfer,” Comput. Educ., vol.
39, pp. 319–332, 2002.

[7] T. F. Wiesner and W. Lan, “Comparison of student learning in physical
and simulated unit operations experiments,” J. Eng. Educ., vol. 93, no.
3, pp. 195–204, 2004.

[8] M. Adjouadi and M. Ayala, “Introducing neural studio: An artificial
neural networks simulator for educational purposes,” Comput. Educ.
J., vol. 14, no. 3, pp. 33–40, 2004.

[9] N. M. Avouris, N. Tselios, and E. C. Tatakis, “Development and eval-
uation of a computer-based laboratory teaching tool,” Comput. Appl.
Eng. Educ., vol. 9, no. 1, pp. 8–19, 2001.

[10] A. Kirkpatrick and B. Willson, “Computation and experimentation
on the Web with application to internal combustion engines,” J. Eng.
Educ., vol. 87, pp. 529–537, 1998, supplemental.

[11] T. Stouraitis and F. Taylor, “DF-PAK: A digital filter design software
package,” IEEE Trans. Educ., vol. 31, no. 1, pp. 34–38, Feb. 1988.

[12] L. E. Turner, D. A. Graham, and P. B. Denyer, “The analysis and im-
plementation of digital filter using a special purpose CAD tool,” IEEE
Trans. Educ., vol. 32, no. 3, pp. 287–297, Aug. 1989.

[13] H. Nielinger, “Digital (IIR) filter biquad section simulated with
PSPICE,” IEEE Trans. Educ., vol. 36, no. 4, pp. 383–385, Nov. 1993.

[14] B. C. Cronk, How to Use SPSS. Los Angeles, CA: Pyrczak, 1999.
[15] R. C. Clark and R. E. Mayer, E-Learning and the Science of Instruc-

tion: Proven Guidelines for Consumers and Designers of Multimedia
Learning. San Francisco, CA: Pfeiffer, 2003.

[16] J. Nielsen, Designing Web Usability: The Practice of Simplicity. In-
dianapolis, IN: New Riders, 2000.

Wei-Fan Chen (S’03–M’04) received the B.S. degree in information and com-
puter engineering from Chung Yuan Christian University, Taiwan, R.O.C., in
1993 and the M. Ed. and Ph.D. degrees in instructional systems, respectively,
from The Pennsylvania State University, University Park, in 1999 and 2002,
respectively.

He is currently an Assistant Professor of Information Sciences and Tech-
nology at The Pennsylvania State University. His research and teaching inter-
ests include cognitive and information sciences and technology as related to
learning. His studies include human-computer interaction, particularly for cog-
nitive learning for undergraduate students. He has published papers in the IEEE
TRANSACTIONS ON EDUCATION and the International Journal of Instructional
Media.

Wen-Hsiung Wu received the B.S. degree in electronic engineering from Na-
tional Taiwan University of Science and Technology, Taiwan, R.O.C., in 1985,
the M.S. degree in computer engineering from the University of Massachusetts,
Lowell, in 1988, and the Ph.D. degree in information management from Na-
tional Sun Yat-Sen University, Taiwan, R.O.C., in 1999.

He is currently a Professor of Information Management at National Kaoh-
siung University of Applied Sciences, Taiwan, R.O.C. His primary research
interests focus on e-learning, knowledge management, and behavior of infor-
mation system usage. He has published papers in the International Journal
of Engineering Education, Industrial Management and Data Systems, Interna-
tional Journal of Advanced Manufacturing Technology, Production Planning
and Control, Computer Standards and Interfaces, and Journal of Chinese Insti-
tute of Industrial Engineering.

Te-Jen Su (SM’85) received the B.S. degree in engineering science, and the
M.S. and Ph.D. degrees in electrical engineering from National Chen-Kung Uni-
versity, Taiwan, R.O.C., in 1975, 1978, and 1989, respectively.

He is currently a Professor of Electronic Engineering at National Kaohsiung
of Applied Sciences, Taiwan, R.O.C. His research interests include control sys-
tems and signal processing. His papers have been published in more than 200
research publications.


