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Abstract—An interactive Web-based simulation tool called
Java-DSP (J-DSP) for use in digital signal processing (DSP)-re-
lated electrical engineering courses is described. J-DSP is an
object-oriented simulation environment that enables students and
distance learners to perform online signal processing simulations,
visualize Web-based interactive demos, and perform computer
laboratories from remote locations. J-DSP is accompanied by a se-
ries of hands-on laboratory exercises that complement classroom
and textbook content. The laboratories cover several fundamental
concepts, including z transforms, digital filter design, spectral
analysis, multirate signal processing, and statistical signal pro-
cessing. Online assessment instruments for the evaluation of the
J-DSP software and the associated laboratory exercises have
been developed. Pre/postassessment data have been collected and
analyzed for each laboratory in an effort to assess the impact of
the tool on student learning.

Index Terms—Assessment instruments, distance learning, in-
teractive digital signal processing (DSP) demos, online signal
processing laboratories, tools to embed digital signal processing
(DSP) simulations in Web lectures, Web-based simulations.

1. INTRODUCTION

HE increasing popularity of Web-based education and

the advancements in streaming media applications have
had a profound impact on distance-learning programs. Web
publishing of supplemental course materials, Internet courses
accompanied by streaming audio/video lectures, and Java
concept-visualization software have become common in fech-
nology-driven university education. In fact, during the past
decade, several notable efforts to develop interactive Java
applets have been undertaken in digital signal processing
(DSP)-related courses [1]-[4]. In addition, award-winning
textbooks and MATLAB software that introduces basic DSP
concepts to first-year undergraduate (UG) students [5], [6] have
also been developed. Graphical simulation tools to teach DSP
and communications have also been presented [7]. Several
stand-alone laboratories and supplementary MATLAB tools
for use in signal processing and control systems classes have
been proposed in [8] and [9]. Brown er al. [10] proposed
an educational tool called Mallard for use in a DSP course.
An application-oriented approach for UG DSP education has
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been proposed in [11]. An online DSP course for “practicing
engineers” has been offered [12], [13] for continuing DSP
education.

Although many Web courses have been designed for distance
education using a variety of innovative tools, the provision of
hands-on laboratory experiences to distance learners [14]—[16]
has been an open problem. To address this problem, an inter-
active software environment called Java—DSP (J-DSP) has been
developed at Arizona State University (ASU), Tempe. J-DSP
[20] is an object-oriented programming environment that en-
ables students to perform interactive computer simulations on
the Internet. All functions in J-DSP appear as graphical blocks
(Fig. 1) that are grouped according to their functionality.

J-DSP has a rich suite of signal processing functions that
facilitate interactive online simulations of basic and advanced
signal processing algorithms. Basic functions include signal
generators, real and complex arithmetic functions, convolution
and digital filtering, the fast Fourier transform (FFT), and time
and frequency response plots. Advanced functions include dig-
ital filter design, statistical signal processing, spectral analysis,
multirate DSP, quadrature mirror filter (QMF) banks, linear
predictive coding, hidden Markov model (HMM) estimation,
and blocks that support speech recognition.

The J-DSP laboratory software and exercises address the fol-
lowing objectives:

1) provide online laboratory experiences to DSP students in

electrical engineering;

2) enable programmable Internet simulations with em-

bedded animations;

3) enhance learning by exposing students to hands-on ma-

nipulation of signals and systems;

4) provide intuition and complementary information usually

not available in lectures and textbooks.
To accomplish these objectives, pedagogical structures have
been formed that are described later in the paper. In addition, an
assessment process has been designed to measure the following:

1) the progress toward accomplishing these objectives;

2) the effectiveness of the pedagogies adopted;

3) the overall impact of the software tool on an undergrad-

uate course.

The rest of the paper is organized as follows. Background
on J-DSP along with the utility of the J-DSP laboratory soft-
ware (“labware”) is given in Section II. Section III describes the
J-DSP simulation environment. Section IV gives an overview
of some of the basic signal processing functions available in
J-DSP. Section V reviews some of the advanced functions in

0018-9359/$20.00 © 2005 IEEE
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J-DSP simulation environment. A: Menu items; B: filter blocks (this section changes according to the selection of D or E); C: permanent blocks; D and E:

list menu to select the group of functions; F: disclaimer; G: interactive visual demonstrations; H: simulation flowgram; I: dialogue window (corresponding to the
pole-zero (PZ) placement block in the block diagram H); J: plot window to view the results; K: help window provided for all the blocks; and L: a field that shows

error messages and warnings.

J-DSP that cover the following interdisciplinary areas: speech
processing, communications, controls, image processing, and
time—frequency analysis. In an effort to introduce high school
(HS) students to DSP and multimedia, several HS-friendly func-
tions [e.g., bass/treble controls and musical instrument digital
interface (MIDI)] have been carefully designed. These functions
are described in Section VI. Section VII deals with the J-DSP
scripting tools that enable instructors to embed interactive sim-
ulations in Web courses. Section VIII addresses the pedagog-
ical and adaptability issues associated with the J-DSP labware.
Brief descriptions of the online laboratories developed specif-
ically for the EEE 407 DSP course at ASU are also included
in Section VIII. Section IX analyzes in detail the J-DSP assess-
ment results and describes the impact of the J-DSP tool on stu-
dent learning and on the EEE 407 course curriculum at ASU.

Section X presents the conclusion, J-DSP extensions to other
interdisciplinary areas, and future directions.

II. J-DSP BACKGROUND

The initial version of the J-DSP software was tested at ASU
in a senior-level Electrical Engineering DSP course (EEE 407)
during the late 1990s [21]. In 2000, the National Science Foun-
dation (NSF) awarded a Course-Curriculum and Laboratory
Improvement (CCLI) grant to upgrade the DSP functionality
and extend the use of J-DSP in other areas, such as commu-
nications [30], image processing [25], [29], and controls [31].
Functions on bio-design/genomics [37], psychoacoustics and
auditory psychophysics [39], and speech analysis—synthesis
[27], [28], [35] were also supported by the NSF through
a course curriculum and research development program.
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The J-DSP Version 1 (CD-ROM ISBN 0-9 724 984-0-0—2002)
consists of approximately 42000 lines of Java code and was
disseminated to 25 universities worldwide [38].

A. The Utility of the J-DSP Labware

J-DSP is different from the platform-specific commercial
simulation packages, such as MATLAB, SIMULINK, or the
LabView. Although the “block diagram approach” is used in the
aforementioned commercial packages as well, J-DSP is unique
in that it is platform independent and does not require instal-
lation. The program can run from any Java-enabled Internet
browser and, hence, is freely and universally accessible over
the World Wide Web (WWW) [20]. Moreover, the inherent
Java backbone enables J-DSP to be interfaced with streaming
media, Internet lectures, and animated visual demonstrations
[20], [24]. J-DSP is also valuable for instructors since it enables
them to create and embed seamlessly interactive demos in their
Web lecture content using the built-in J-DSP scripts [24]. The
interface to MATLAB [36] allows synergies with the MATLAB
environment.

B. J-DSP Online Laboratories and Electronic Laboratory
Report Submission

Several laboratory exercises have been developed to expose
students to the key DSP concepts [20]-[23], [25], [26]. The
J-DSP computer laboratories perform the following functions:

1) provide hands-on exposure to digital filters and FFTs;

2) expose students to quantization effects, filter bank simu-
lations, and random signal analysis;

3) provide visualization examples relating time-domain,
z-domain, and Fourier transforms;

4) provide hands-on experiences with finite-impulse re-
sponse (FIR) and infinite-impulse response (IIR) digital
filter design;

5) expose students to periodograms, correlograms, and
linear prediction.

A custom-made electronic laboratory report submission tool has
been devised to allow students to complete a media-rich on-
line laboartory report [20], [23]. Upon submitting the report, all
of the students’ answers, comments, and graphs are placed to-
gether in a static hypertext markup language (HTML) page that
is available to the instructor for grading.

C. J-DSP Assessment Process

Assessment of J-DSP has been carried out on a semester-by-
semester basis. Web-based assessment instruments have been
developed and posted on the J-DSP website [20]. Initially,
J-DSP assessment was performed within the DSP course eval-
uation forms. Since 2002, the degree of learning attributed
specifically to J-DSP and the associated online laboratories
have been evaluated every semester separately. Comprehensive
statistical analysis of the J-DSP assessment results based on the
effect size (ES) measures [19] has been included in Section IX.
Assessment results show that students found J-DSP simulations
and computer laboratories highly intuitive [23], [25], [26]. In
fact, 95% of the students liked the concept of Internet-based

simulations and responded that it took them just a few minutes
to become familiar with the J-DSP environment.

III. THE J-DSP SIMULATION ENVIRONMENT

J-DSP provides a user-friendly environment that exploits the
graphical capabilities of Java. Fig. 1 shows the J-DSP simula-
tion area. In this figure, section A represents menu items, and
section B corresponds to a floating panel. This section changes
according to the selection of list items D or E. All functions in
J-DSP appear as graphical blocks. Each block is associated with
a specific signal-processing function. Panel C shows some of the
frequently used blocks; list menus D and E include a group of
existing and planned functions, respectively. Panel G provides
interactive visual demonstrations. A variety of DSP algorithms
can be simulated using a drag-and-drop process to establish the
desired blocks and then by connecting them to form a signal
flow. H shows an example simulation-flow diagram (in short,
simflowgram).

Each block is linked to software that performs a specific
signal-processing function. Block parameters can be edited
through the corresponding dialogue windows. For example, I
represents the dialogue window corresponding to the pole-zero
(PZ) placement block shown in H. Signals at any point of a
simulation can be visualized through the appropriate blocks,
e.g., a plot window J. System execution is dynamic, meaning
that any change at any point of a simulation will automatically
take effect in all subsequent blocks. A help window (K) is
provided for all the functions to facilitate students with quick
understanding and use of J-DSP blocks. The J-DSP simulation
environment has also been equipped with a series of trou-
bleshooting and exception-handling features.

IV. SIGNAL-PROCESSING FUNCTIONS IN J-DSP

J-DSP has a suite of signal-processing functions that include
signal generators, digital filter design functions, multirate DSP,
and statistical signal-processing functions [20]-[23].

1) Basic DSP functionality: Some of the basic DSP function-
ality implemented in J-DSP includes simple arithmetic
functions, windowing, up-sampling, down-sampling,
convolution, filtering, signal-to-noise ratio (SNR), the
FFT and the inverse FFT (IFFT), and PZ placement.

2) Filter design: J-DSP supports FIR filter design based
on the windowing method, the Kaiser design, the
Parks—McClellan (Min—-Max) algorithm, and frequency-
sampling method. IIR filter design experiments based
on IIR analog filter approximations (Butterworth,
Chebyshev, and elliptic filter realizations) can also
be performed in J-DSP.

3) Multirate DSP: J-DSP offers the capability to up-sample
or down-sample a signal. This capability enables building
multirate systems, such as the decimators, interpolators,
and QMF banks. Students gain knowledge of filter bank
design considerations as employed in a typical audio
coding application.

4) Statistical DSP: Spectral estimation techniques, such
as the classical and parametric techniques, have been
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implemented in J-DSP. Autocorrelation, correlo-
grams, periodograms, symmetric autocorrelation, the
Levinson-Durbin algorithm, and autoregressive (AR)
spectral estimation are some of the statistical DSP func-
tionalities supported by J-DSP. In order to compute the
time-varying spectra of speech and other signals, a spec-
trogram function has also been developed.

Several of these functions have been inspired by interactions
with students in an effort to explain concepts that were not im-
mediately obvious from textbooks, homework sets, or black-
board-type explanations.

V. J-DSP FUNCTIONALITY FOR USE IN
INTERDISCIPLINARY AREAS

Some of the advanced functions developed in J-DSP cover
the following areas: communications [30]; control systems [31];
acoustics and music synthesis [32]; genomics and bio-infor-
matics [37]; psychoacoustics and auditory psychophysics [39];
machine-learning and voice recognition modules [35]; speech
analysis—synthesis techniques [27]; time—frequency transforms
[28]; and image and two-dimensional (2-D) signal-processing
methods [29]. A brief overview of some of these J-DSP func-
tions follows.

A. Communications

Analog modulation blocks, such as amplitude modulation
(AM) (double-sideband suppressed-carrier AM, single-side-
band AM, and conventional AM) and angle modulation
(frequency modulation and phase modulation) have been de-
veloped [20], [30]. Digital modulation schemes include binary
pulse amplitude modulation (PAM), m-ary PAM, phase-shift
keying (PSK), quadrature PSK, and m-ary PSK. Receiver
blocks supported are the matched-filter demodulator and
maximum-likelihood detector. In order to compute bit-error
probabilities and to plot the performance curves, a Monte Carlo
simulation block has been developed. These functions have
been used in a senior-level communications-related course:
EEE 455 at ASU [20]. The EEE 455 course curriculum in-
cludes seven online laboratories that cover the following topics
[33]: AM schemes, angle modulation schemes, noise effects
in analog communications, digital modulation schemes, inter-
symbol interference (ISI) and channel equalization, matched
filter, and channel coding.

B. Control Systems

In addition to the communications functions, more func-
tionality has been developed to facilitate control systems
simulations [31]. The controls systems simulation capabilities
of J-DSP involve blocks for state space and transfer function
representation of systems, a simple adder, gain, a step-signal
generator, and Bode and Nyquist plot. The J-DSP controls
functions have been used in a UG feedback control systems
course, i.e., EEE 480 at ASU. (For a detailed description of
the online control systems laboratories and the pedagogies
adopted, readers are referred and to [20] and [31].)
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C. Acoustics, Music Synthesis, and Audio Effects

J-DSP enables simulations relating filter design with some
real-life applications, such as echo, reverberation, bass/treble
control, and graphic equalizer. These filter design techniques
form a special class of digital filters in audio processing and
high-fidelity systems. The audio effect blocks supported in
J-DSP include the dual-tone multiple-frequency (DTMF) gen-
erator, the MIDI generator, and shelving—peaking digital filters.
More detailed descriptions on J-DSP simulations involving the
DTMEF and MIDI tone generator are given in Section VI.

D. Genomics and Bio-Informatics

Recent findings on DNA (deoxyribonucleic acid) sequences
and microarrays provide great promise in the field of genomic
signal processing. Specific functions in J-DSP to analyze the
DNA sequences [37] include numerical mapping, FFT power
spectrum, and correlations. Through the numerical mapping
function, nucleotide sequences can be transformed into the
numerical domain through binary, complex, or real number
mappings.

E. Psychoacoustics and Auditory Psychophysics

In [39], several innovative software modules and computer
experiments have been presented for exposing students to 1) the
perceptual masking properties of the human ear, 2) the per-
ceptual entropy notions, and 3) the psychoacoustic models em-
ployed in the MP3 players. In particular, the laboratories cover
several concepts, including the absolute threshold of hearing,
critical-band analysis, the Bark scale, the spread of masking, and
the simultaneous and temporal masking effects [18]. In addition
to the online laboratories, an FFT-based computer project has
been designed to provide students with hands-on experiences to
the psychoacoustic model employed in the International Organi-
zation for Standardization/International Electro-technical Com-
mission (ISO/IEC) MPEG-1 audio standard [18]. The computer
laboratories and the MPEG-1 psychoacoustic model-1 project
were first used in a multimedia class in summer 2004 at ASU.

F. Machine Learning and Voice Recognition Modules

Inspired by the applications that involve machine-human in-
terface, more importance has been given toward the develop-
ment of speech recognition modules. In particular, simulations
to teach the basic concepts of isolated digit recognition and
hidden Markov model (HMM) training have been developed
[35]. The software is complemented by streaming lectures, a
set of online demonstrations with animation, and exercises that
take the student through HMM training.

G. Speech and Audio Coding

Emphasis has been given to design interactive graphical
modules that highlight the basic concepts employed in speech
and audio standards. In particular, the speech modules in J-DSP
include linear predictive coding (LPC), Federal Standard
(FS)-1015, FS-1016, speech analysis—synthesis techniques,
open-loop and closed-loop pitch estimation methods, vector
quantization, algebraic codebook concepts, low-delay coding,
and some variable-rate codecs [17]. Furthermore, work has
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been done in the area of perceptual audio coding in parallel to
the development of speech modules. These include graphical
modules that expose students to the analysis—synthesis filter
bank structures, psychoacoustic analysis, modified discrete
cosine transform (MDCT) analysis, and quantization.

VI. J-DSP FUNCTIONS TO INTRODUCE HIGH SCHOOL
STUDENTS TO DSP AND MULTIMEDIA

Several notable efforts have been made to introduce basic
DSP concepts in HS curricula and to college freshmen, e.g.,
the Ptolemy project [1], the Infinity project [2], and DSP First
[5]. Many of these efforts focus on relating HS mathematics
to engineering technologies embedded in communications and
multimedia applications. DSP is an enabling technology for ex-
plaining several applications that HS students find exciting, such
as cellular phones [17] and MP3 [18]. DSP algorithms in these
applications can be associated with concepts taught in HS math.
For example, sinusoidal functions are used in transformations
embedded in MP3 players and surround-sound systems; differ-
ence equations implement filters in audio graphic equalizers and
cellular telephony handsets. To adopt J-DSP for use in HS envi-
ronments, a series of J-DSP functions that are HS friendly have
been developed.

A MIDI generator block [Fig. 2(a)] was developed to help
students associate musical tones with sinusoidal functions. The
MIDI block dialogue window resembles a small piano keyboard
and was presented in Fig. 2(a). When a piano key is pressed
using the mouse, a tone is generated at the respective frequency.
An FFT function and a simple qualitative lecture on the spec-
trum provides the student with the basics of the frequency spec-
trum. Tonal components of a musical score are associated with
spectral lines in the frequency domain. Visualization with the
plot functions enables students to see the waveforms both in
time and frequency.

(b)

Other functions developed include a DTMF generator
[Fig. 2(b)] of the type used in cellular phones, echo [Fig. 3(a)],
reverberation [Fig. 3(b)], and shelving digital filters imple-
menting bass and tone controls of the type used in high-fidelity
systems. These simple examples that associate with digital
filters help the students acquire some basic knowledge on
filtering, frequency responses, and other DSP concepts. In ad-
dition, the students perform exercises where filters are designed
with graphical tools, such as a graphical equalizer (Fig. 4).

VII. J-DSP SCRIPTING TOOLS FOR INSTRUCTORS

This section addresses two unique tools of J-DSP for Web-
based instruction: 1) J-DSP scripts [24] enabling instructors to
create and seamlessly integrate J-DSP simulations in their Web
courses and 2) automatic MATLAB script generation [36].

A. J-DSP Scripts

J-DSP scripts enable instructors to create a variety of simple
simulations and seamlessly integrate them into their Web con-
tent or online course lectures. In particular, J-DSP versions have
been designed with the ability to interpret parameters contained
in a simple HTML file and, in turn, load the J-DSP editor and run
a simulation described by these parameters. This J-DSP editor
capability has been designed to allow for interactive J-DSP con-
tent to be integrated in Web pages, thereby enabling instructors
to establish DSP visualization examples without engaging in the
tedious task of Java programming. Fig. 5 shows an example sim-
ulation that demonstrates the script-generating procedure. This
procedure consists of the following three steps.

Step 1)  Set up the simulation by creating a flowgram.

Step 2) Select File—Export as Script as shown
in Fig. 5(a). A new window, called the Script Ex-
port window [Fig. 5(b)], containing the simulation
description appears.

Step 3)  Export this J-DSP script code into an HTML file.
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B. Interfacing With MATLAB

The synergy of the J-DSP object-oriented environment with
MATLAB programming enables students and instructors to
exchange data and perform DSP simulations on both these
platforms. This new feature acts as an interface between the
MATLAB and the J-DSP object-oriented environment. In
particular, this interfacing attribute allows users to “translate”
the J-DSP simflowgram into MATLAB code. Moreover, this
feature enables users to repeat, verify, and (most important)
expand J-DSP simulations in the MATLAB environment. The
latter provides a vast selection of functionalities for more
complex simulations than the object-oriented environment
of J-DSP. The advantage here is that complex algorithmic
programming can be done visually on the Internet using J-DSP,
executed in MATLAB. Conversely, MATLAB programs can be
mapped to flowchart-like diagrams and run in J-DSP [36].

Warning: Applet Window

VIII. J-DSP ONLINE LABORATORIES

This section places emphasis on the pedagogies adopted for
the use of J-DSP in the EEE 407 course. J-DSP online labora-
tories are also summarized in this section.

A. J-DSP and the EEE 407 Course

The J-DSP laboratory software and the associated computer
exercises have been used in the EEE 407 DSP course at ASU.
A brief overview of the EEE 407 course structure follows.

1) EEE 407 DSP Course at ASU: The EEE 407 course is
offered twice a year, during the spring and fall semesters. Some
of the topics integrated in the EEE 407 course syllabus include
difference equations; digital filters and bounded input—bounded
output (BIBO) stability; z transforms and frequency response;
FIR and IIR digital filter design; impulse-invariant methods
and the bilinear transformation; frequency-domain analysis,
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discrete-time Fourier transform (DTFT), DFT, FFT, short-time
Fourier transform (STFT) basics; multirate signal processing,
simple sub-band QMF design; deterministic versus random
sequences; stationary and ergodic sequences; and signal-pro-
cessing application algorithm design and implementation. The
course includes eight homework sets, six J-DSP computer
laboratories, an application-oriented project (e.g., DTMF, noise
canceling, LPC vocoders, and FFT-based speech enhance-
ment), two midterm exams, and a final exam. The students’
learning objectives associated with the EEE 407 course include
the following:

1) understanding the issues and methods associated with the

sampling of continuous time signals;

2) becoming proficient in z-transform analysis;

3) designing FIR and IIR digital filters;

4) using the FFT;

5) understanding elements of discrete-time random signal

processing;

6) developing software to simulate a modest DSP task asso-

ciated with a modern application.

2) Pedagogy: The content in the J-DSP laboratory exercises
is structured in a manner that follows the progression of topics
in any undergraduate DSP course. In particular, the next labo-
ratory exercise builds on knowledge gained from the previous
one. The J-DSP laboratories and the visual demonstrations
are placed right at the core of the EEE 407 course syllabus. A
typical procedure, for example, can be summarized as follows.

(b)

J-DSP scripts enabling the saving capability: (a) J-DSP editor window and (b) generated J-DSP script.

First, a lecture including J-DSP visual demonstrations provides
the necessary theoretical background. Second, a J-DSP labo-
ratory assignment will help students to probe further into the
details of the lecture. Finally, students are required to solve
open-ended problems both as part of the homework and as part
of the J-DSP laboratory exercises. This pedagogy used facili-
tates the “general” and “concept-specific”’ objectives associated
with the J-DSP laboratories that were described in Sections I
and II-B.

B. J-DSP Online Laboratories

Several hands-on J-DSP computer exercises have been care-
fully developed not only to reinforce the DSP concepts covered
in class but also to expose students to complementary material
that is not usually covered in detail neither in class nor in text-
books. The computational nature of the J-DSP laboratories and
the inclusion of real-life signals made J-DSP particularly useful
in providing engineering intuition and valuable hands-on expe-
riences to the EEE 407 class participants. Currently, EEE 407
includes six computer laboratory assignments that are given on
a weekly basis.

A typical scenario is for a student to read a high-level tutorial
on each of the laboratories and then form and execute simula-
tions. The J-DSP laboratories that have been outlined here, as
well as additional ones not mentioned here, are given to stu-
dents in detailed Web-based write-ups. These include a theory
section and step-by-step instructions for operating the J-DSP
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software and analyzing the intended results. The students per-
form the experiments and respond to questions in a quiz sec-
tion. They then have to submit an electronic laboratory report
containing relevant graphs that are ported from the J-DSP sim-
ulation environment.

1) Lab-1: Difference Equations and the z Transforms: This
J-DSP laboratory introduces the students to the concepts of
linear-time-invariant (LTI) systems, z transforms, and the
impulse response of LTI systems. In particular, students ob-
serve the filtering effects and become familiarized with the
source-filter configuration. Six problems have been developed
and incorporated in this laboratory. In problem 1, students are
asked to simulate a digital filter using a given transfer function.
Fig. 6(a) shows an example digital filter simulation performed
using J-DSP. In problem 2, students design and simulate a dig-
ital oscillator for different sinusoidal frequencies. In problem
3, an FIR filter is provided, and the students are asked to
observe the behavior of the systems for different input signal
types. In problem 4, the students gain insight to the concepts
of symmetric and asymmetric impulse responses. In problem
5, the students compute the transfer function for various PZ
representations. In problem 6, the students simulate cascade
and parallel configuration with two systems.

2) Lab-2: PZ Plots and Frequency Responses: This J-DSP
laboratory deals with the effects of PZ locations on the mag-
nitude frequency response. The students observe the variations
in the frequency response by graphically moving the poles and
zeros in the z domain. They also design low-pass and high-pass
filters based on the PZ placement method. Four problems are in-
cluded in this laboratory. In problem 1, the students are asked to
find the poles and zeros and observe the frequency response of
a given filter. In problem 2, the students observe the variations
in the frequency response of a system by graphically moving
the poles and zeros in the z domain or by manually entering the
values in circular or polar coordinates. In problem 3, low-pass
and high-pass filters are designed based on the PZ placement
method [Fig. 6(b)]. In problem 4, the PZ locations and the fre-
quency response for an all-pass filter is examined.

3) Lab-3: FIR and IIR Filter Design: This J-DSP labo-
ratory deals with the design and analysis of various FIR and
IIR filter design methods. These include filter design based
on windowing, frequency sampling, and IIR analog filter
approximations. FIR filter design experiments based on the
Parks—McClellan algorithm form an important laboratory
exercise that exposes students to the concepts of optimal filter
design, linear-phase filters, minimum-phase design considera-
tions, and stability issues of the designed filter. Seven problems
are included in this laboratory. Problem 1 involves the design of
the four types of FIR filters, i.e., students are asked to observe
the frequency response and calculate time-domain/z-domain
symmetry, and group delay for the previously mentioned filter
types. Problem 2 deals with the design of low-pass filters
by truncating the ideal impulse response. The truncation is
accomplished by windowing. The following window types are
supported in J-DSP: rectangular, Bartlett, Hamming, Hanning,
and Kaiser. In problem 3, the students are asked to design
high-pass filters using the Kaiser design method. Problem 4
deals with the FIR filter design using the frequency sampling
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Fig. 6. (a) Example J-DSP simflowgram to simulate a digital filter.
(b) Low-pass filter design using PZ placement method. (c) Frequency sampling
filter design. (d) Windowing effects on the FFT spectra. (e) Duplication of
spectral components as a result of up-sampling.

method [Fig. 6(c)]. In problem 5, the students are asked to de-
sign optimal FIR filters using the Parks—McClellan algorithm.
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TABLE 1
STATISTICS BASED ON THE GENERAL ASSESSMENT. TOTAL NUMBER OF STUDENTS THAT
CONTRIBUTED THE DATA = 87 (FROM SPRING AND FALL 2003)

et 58 818 % 50
Evaluation Questions 2% o | w 3 29
[ ] 9] = 5 2 5
- = = 3 © - ©
"L L2 2 929
[a) a
1. Establishing and connecting blocks is easy 53 39 7 1 0

2. The graphical interface of J-DSP is intuitive

and user-friendly

31 63 5 1 0

3. | would consider J-DSP for small simulations 86 14
apart from the lab exercises (Yes) (No)
4. In my opinion, this (J-DSP) type of on-line 97 3
lab concept is beneficial for distance learning | (Yes) (No)
5. With the help of a simple manual, it is
86 14
possible to learn the basics of DSP by using -
(Yes) (No)
J-DSP
6. The J-DSP should be established as a full- 93 7
fledged tool (Yes) (No)
<15 min :36%

7. How long did it take to get familiar with the

basics of the J-DSP environment

15-30 min : 32%
30-60 min : 24%

>60 min : 8%

In problem 6, students are asked to compare the sidelobe levels
obtained for the filters designed using the Parks—McClellan
method, the Kaiser design, and frequency-sampling method.
Problem 7 deals with the design of IIR filters based on the
following methods: Butterworth, Chebyshev I, Chebyshev II,
and elliptic.

4) Lab-4: The Fast Fourier Transform (FFT): In this J-DSP
laboratory, students gain familiarity with the estimation of DFT
spectra, DFT spectral leakage, DFT resolution, Parseval’s the-
orem for the DFT, and FFT properties and symmetries. Four
problems are assigned in this laboratory. In problem 1, students
examine the symmetries of the FFT. In problem 2, students see
the effect of zero padding on the FFT spectra. In problem 3, the
students are asked to examine and compare the FFT spectra of
various signals. In problem 4, students are provided with two
sinusoids that are closely spaced in the frequency domain and
are asked to examine the FFT spectra after windowing. Fig. 6(d)
shows the windowing effects on the FFT spectra.

5) Lab-5: Multirate Signal-Processing and QMF Banks:
This J-DSP exercise deals with the effects and applications of
sampling rate conversion and QMF banks. In particular, stu-
dents experiment with aliasing and imperfect reconstruction in

decimation and interpolation of digital signals. Four problems
are included in this laboratory. In problem 1, students examine
the effect of down-sampling and up-sampling on FFT spectra.
Fig. 6(e) shows the presence of imaging spectral components.
In problem 2, students design a fractional sampler. In problems
3 and 4, students implement “two-band QMF” and “tree-struc-
tured QMF” in J-DSP.

6) Lab-6: Introduction to Statistical Signal Processing:
This J-DSP laboratory teaches the basics of classical and
parametric spectral estimation. Specifically, students become
familiar with correlograms, periodograms, spectrograms, AR
estimators, and LPC.

IX. J-DSP ASSESSMENT AND STUDENT FEEDBACK

The assessment results collected from the EEE 407 class
(87 students) during the spring and fall 2003 are analyzed
here. General and concept-specific evaluation forms have been
developed. The general forms are used to obtain an overall
subjective opinion on the J-DSP software. The concept-specific
forms provide the laboratory evaluation and its impact on
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TABLE 1II
STATISTICS BASED ON THE CONCEPT-SPECIFIC ASSESSMENT
22 g & 2 2
Evaluation Questions g 2 o © 3 2 8
£e. ¢ 5 o So
n > > o] ® D »
<<z 3 a
1. The J-DSP on-line labs helped me to
50 46 3 1 0
understand the concepts of the z-transform
2. My understanding of the concepts of FIR and
lIR filter design is enhanced by the J-DSP 42 47 8 3 0
labs
3. The general concepts of using FFT in signal
analysis is clear by performing a J-DSP 24 61 13 2 0
simulation
4. | have learned how to generate a sinusoid
29 55 11 3 2
with a digital filter
5. Enough information is available on the help
49 33.5 13.5
screens and the dialog windows.
6. The relationship between the impulse 95 5
response and the transfer function is clear (Yes) (No)
7. After performing the J-DSP lab it is clear that
the FFT spectral resolution is limited by the 99 1
FFT size, the window type, and the window (Yes) (No)
size
8. J-DSP labs enhanced my learning of the
92 8
basic DSP concepts (Labs 1-4 average -
(Yes) (No)
statistics)

learning specific DSP concepts. The newest assessment instru-
ment, called prelab/postlab assessment, focuses on evaluating
whether learning of certain topics is attributed specifically to
using J-DSP.
In particular, while designing the assessment instruments, the
following criteria have been considered:
1) the simplicity and interactivity of the J-DSP simulation
environment;
2) the adaptability of J-DSP and the associated online labo-
ratories in DSP courses at other universities;
3) the effectiveness of the J-DSP laboratories and interactive
simulations in teaching key DSP concepts;
4) the improvement in average student scores after per-
forming J-DSP laboratories;
5) the improvement in number of students responding to a
particular laboratory question correctly before and after
viewing a J-DSP demo/interactive simulation;

6) the success of J-DSP in providing hands-on laboratory
experiences to distance learners;

7) the impact of the J-DSP tool on the EEE 407 course at
ASU;

8) the scalability of the J-DSP tool in terms of extending its
functionalities to other interdisciplinary areas.

A. General Assessment

The general assessment questionnaire consists of a specific
set of items that assess the ergonomics and the usefulness of
the J-DSP software. In this assessment, students provide infor-
mation on logistics, software capabilities, academic standing,
browser compatibilities, expediency of the user manual, etc.
Student responses revealed that the graphical user interface
(GUI) and the free access to J-DSP were received positively.
Most students found J-DSP simulations highly intuitive. In fact,
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Pre/Post-Lab Assessment Results
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Fig. 7. Percentage increase in the number of students who have answered correctly.

95% of the students liked the concept of Internet-based simu-
lations, and 70% of the students responded that it took them
much less than 30 minutes to learn how to use J-DSP. Moreover,
85.5% of the students agreed that they would consider using
J-DSP to construct their own educational simulations. Some of
the statistics based on the general assessment is given in Table I.

B. Concept-Specific Assessment

The concept-specific assessment questions are directly re-
lated to the technical aspects of the J-DSP online laboratories.
The concept-specific forms focus on each exercise by posing
questions that determine whether the student has learned a spe-
cific DSP concept. For instance, 87% of the students agreed
that the filter design exercise helped them understand which
window is suitable for sharp transitions; 88% of the students
understood better the signal symmetries in the FFT spectra be-
cause of J-DSP visualization; and 91% of the students reported
that the z-transform exercise helped them understand the rela-
tion between the PZ locations and the frequency response plots.
More results are given in Table II.

C. Prelab and Postlab Assessment

In the evaluation Question 8 shown in Table II, the students
were asked if the J-DSP and the online laboratories enhanced
the learning process. A total of 92% of the students responded
positively. However, in order to obtain even more reliable sta-
tistical results for this scenario, the prelab/postlab assessment
questionnaire was developed during the spring 2003 semester.
In the prelab/postlab evaluation, the questions are technical and
are posed to evaluate the student’s understanding of the key DSP
concepts before and after performing a particular J-DSP labora-
tory assignment. The prelab/postlab quiz and the laboratory are
assigned after the relevant theory has been introduced in class.
This assignment ensures that all the students have had some, or

TABLE III
IMPROVEMENT IN THE AVERAGE RAW SCORE
FROM THE PRELAB/POSTLAB ASSESSMENT

Number of Average raw score [MAX = 100]
J-DSP btest
Lab Subtests or Improvement
Number questLolnsbln Pre-lab | Post-lab in the raw
eacn 1a score

1 6 78.75 83.5 475

2 5 62.0 75.5 13.5

3 10 50.0 59.5 9.5

4 4 61.25 65.0 3.75

5 4 47.5 59.5 12.0

ideally the same, exposure to the topics covered in the labora-
tory so that the effect of the J-DSP laboratories on the student
learning can be isolated. The students are asked to complete the
prelab assessment before working on a J-DSP laboratory. After
performing the J-DSP laboratory assignments, they submit the
postlab assessment. The questions on the postlab assessment are
the same as the prelab assessment but are given in a different
order.

Table III lists the number of test items in each J-DSP labo-
ratory and the corresponding improvements in the average raw
score. J-DSP Lab-2, Lab-3, and Lab-5 resulted in significant im-
provements of 13.5, 9.5, and 12 marks (out of 100), respectively.
This improvement can be attributed primarily to inclusion of
simulations involving interactive graphics in these J-DSP labo-
ratories. Moreover, this assessment result was influential in re-
designing many of the J-DSP blocks to incorporate animations.
This discussion is also well supported by Fig. 7, which depicts
the percentage increase in the number of students who have an-
swered the prelab/postlab questions correctly. The percentage
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TABLE 1V
ES ANALYSIS OF THE PRELAB/POSTLAB ASSESSMENT DATA
J-DSP ' Mean score Standard deviation Effect size (ég;;feilcait;ﬂ?
Lab de—tomt
Pre-lab | Post-lab | Pre-lab | Post-lab = __d
o-+0o5)/2 r
Number % p p , (07"+07) [@+9)
0.302
1 78.75 83.5 16.41 15.05 . 0.149
(Medium)
0.922
2 62.0 75.5 16.98 11.84 0.419
(Large)
0.458
3 50.0 59.5 211 20.39 ) 0.223
(Medium)
0.115
4 61.25 65.0 30.9 34.20 0.057
(Small)
1.072
5 47.5 59.5 9.72 12.50 0.472
(Large)

increase corresponding to Lab-2 is significant, i.e., 45%. Im-
provements of 22% and 15% can be noted in the Lab-3 and
Lab-5, respectively.

D. Effect Size—Statistical Analysis

Analysis of the prelab/postlab assessment data based on the
ES measure [19] is described next. The ES d and the ES corre-
lation 7 are computed as follows:

Effect size d = r2—
Opooled
where
02 + o2
Opooled = M (1)
2
. d
ES correlation r = ——— 2)
(d?+4)

where {1,071} and {2, 02} correspond to the mean and stan-
dard deviation of prelab and postlab assessment data, respec-
tively. The ES d is the ratio of the difference between the means
2 and g1 to the pooled standard deviation op601ed- The ES mea-
sure does not describe the test of significance; however, it gives
valuable information on how strong the effect of involvement
was. Note that, in this case, the effect of involvement corre-
sponds to the degree of student learning attributed specifically to
J-DSP. Another ES metric typically used in the statistical anal-
ysis is the ES correlation. The ES correlation » measures the
degree to which the prelab and the postlab assessment data are
related [19]. The square of ES correlation, i.e., r2, can be inter-
preted as the percentage of variance.

All the ES analysis results are summarized in Table I'V. From
Table 1V, the J-DSP Lab-1 through Lab-5 resulted in ES cor-
relations of 0.149, 0.419, 0.223, 0.057, and 0.472, respectively.
The corresponding percentages of variances are given by 2.22%,
17.56%,4.97%, 0.3%, and 22.27%. The ES analysis results pre-
sented in Table IV are coherent with the prelab/postlab assess-
ment results shown in Table III and in Fig. 7. Note that J-DSP
Lab-2, Lab-3, and Lab-5 resulted in an ES of 0.92, 0.46, and

1.07, respectively. In general, ES values of 0.2, 0.5, and 0.8 re-
late to a “small,” “medium,” and “large” degree of involvement,
respectively [19].

E. J-DSP Assessment and Pedagogy

The pedagogy adopted for the integration of J-DSP laborato-
ries in the course included the following sequence of activities:
lecture on the pertinent DSP topic, a prelab quiz associated with
the topic, an online laboratory using J-DSP visual programming,
and a postlab quiz. The prelab and postlab quizzes are part of
both the pedagogy and assessment. The prelab quiz emphasizes
the key concepts and provides information to the instructor and
students on deficiencies and on areas that require further review.
The J-DSP laboratory includes exercises that address these key
concepts and enable students to improve their performance and
eliminate deficiencies; the postlab quiz measures whether ad-
ditional knowledge was gained and whether deficiencies have
been eliminated by attempting the J-DSP laboratory. The as-
sessment results described in Sections IX-A—C revealed that the
J-DSP laboratories have indeed enhanced and reinforced student
learning, particularly in topics such as filter design, FFT-based
spectral estimation, and multirate signal processing. In partic-
ular, the general and concept-specific assessment results (Ta-
bles I and I, respectively) support the objectives associated with
the J-DSP labware and the pedagogy. The J-DSP simulations
involving seamless animations and interactive GUI have shown
prominent differences in the prelab/postlab assessment. More-
over, the ES measures (Section IX-D) showed that the effect of
J-DSP involvement in student learning is mostly “medium” or
“large” (see Table IV). The J-DSP assessment also examines the
following:

1) the effectiveness and utility of curricular materials;

2) student performance outcomes and attitudes;

3) faculty reaction and perceptions;

4) the program impact.
A final, summative J-DSP software and laboratory evaluation
provides prescriptive recommendations concerning strengths,
replication, and sustainability.
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F. The Impact of J-DSP on the EEE 407 Course

One of the very basic problems in DSP classes is the overall
perception and attitudes that the students have toward the class
material. Past evaluations have shown that the class is perceived
by students as too mathematical. For example, engineering ap-
plications of DSP were not immediately evident to the average
student. The use of J-DSP has impacted the EEE 407 course in
the following ways.

* The J-DSP exercises and software have changed the at-
titudes of the students toward the class, resulting in in-
creased enrollments.

* The use of the software gave the students hands-on expe-
riences with signals and systems. Many concepts have be-
come easier for the students to understand through J-DSP
visualizations. In fact, the J-DSP visualizations involving
PZ diagrams have shown prominent differences in prelab
and postlab assessments that motivated even further in-
tegration of several seamless animations and interactive
demonstrations [20].

e J-DSP has provided the students with opportunities to
study open-ended problems with multiple solutions. In-
terviews with students revealed that the J-DSP laboratory
experiences have instilled in them the process of scien-
tific inquiry, i.e., the ability to pose questions on emerging
technologies and the eagerness to seek additional infor-
mation beyond the course material.

* Exposure to appealing applications, such as cellular
phone and MP3 technologies through J-DSP speech and
audio processing functions, enabled students to connect
class theory with modern technology. In fact, the two
last lectures are now spent on LPC and its use in digital
cellular phones; these lectures are supported by J-DSP
functions and demos.

X. CONCLUDING REMARKS

The online Java—DSP (J-DSP) educational software tool and a
detailed assessment of its use in an undergraduate digital signal
processing (DSP) class was described in this paper. J-DSP is
a scalable object-oriented environment that enables students to
establish and run educational DSP simulations on the Web, such
as digital filter design, signal analysis, speech signal processing,
and fast Fourier transform (FFT)-based spectral analysis.

A. J-DSP Assessment Versus Course Objectives—Summary

A discussion that correlates the J-DSP assessment results
(in Section IX) with the EEE 407 course objectives (in Sec-
tion VIII-A) and the evaluation criteria is presented next. Some
of the criteria employed to study the success/failure associated
with the J-DSP simulation environment and, in particular, the
graphical user interface (GUI) include usability, simplicity,
and interactivity. These criteria are evaluated using the general
assessment (Section IX-A) instrument. Students asserted that
they benefited from J-DSP and appreciated that the tool is freely
available on the Web [20]. Industry-affiliated students, taking
the course from distance-learning sites, cited the importance
of J-DSP in providing online computer laboratory experiences
to remote participants. The assessment data given in Table I

further evaluates the aforementioned criteria and supports the
J-DSP objectives described in Section 1.

Another important criterion employed is to test whether
J-DSP functions have been useful in communicating key DSP
concepts. In particular, this criterion analyzes directly the
success/failure associated with the EEE 407 course objectives
listed in Section VIII-A. For example, 89% of the students
better understood the concepts of FIR and IIR filter design
after performing the J-DSP laboratories (good support for one
of the course objectives). More concept-specific assessment
(Section IX-B) results given in Table II further evaluates this
criterion and supports the EEE 407 course objectives. The
percentage improvement in average student scores (Table III)
after performing J-DSP laboratories supports the claim that
the J-DSP has indeed attributed constructively in the student
learning process. These results are further confirmed statisti-
cally using the effect size (ES) measures and metadata analysis
(Table IV).

B. Usability and ABET

All the developed J-DSP software, laboratory exercises,
J-DSP manuals, and support content associated with the J-DSP
project are freely accessible from http://jdsp.asu.edu. There-
fore, adaptation and implementation in DSP courses at other
universities is possible. The J-DSP labware has been rigor-
ously tested and disseminated to several universities at various
conferences [38]. The University of Central Florida, Orlando,
and the University of Texas at Dallas have already developed a
pilot exercise with this tool in their signals and systems classes.
Furthermore, ASU established resources to maintain the J-DSP
software and the supporting website [20] perpetually.

A self-study has been carried out on the EEE 407 DSP
course that evaluated how the course and particularly its J-DSP
laboratory addresses Accreditation Board for Engineering and
Technology (ABET)! criteria. With regard to ABET design
requirements, students are asked to solve open-ended problems
as part of the J-DSP laboratory exercises. The J-DSP laboratory
involves extensive filter design using several methods, and
students are asked to analyze these filter design methods and
perform comparisons. Students are asked to design algorithmic
steps and develop their J-DSP realizations. More specifically,
the J-DSP laboratory component addresses well ABET Criteria
3 and 8. The J-DSP laboratory tasks in almost all the J-DSP
laboratories engage the students in applying their knowledge
of mathematics and engineering (ABET Criterion 3a). For
example, in J-DSP Lab-1 and Lab-4, students apply the math-
ematical properties of z transforms and Fourier transforms to
real-world engineering applications, such as filtering and spec-
tral analysis (which relates to ABET Criterion 3a). There are
specific laboratories that involve filter design (J-DSP Lab-3),
where the student is required to use J-DSP to perform several
designs and compare and choose the one that satisfies specific
criteria (ABET Criterion 3b). ABET Criterion 3c relates to
J-DSP laboratory design tasks, such as the design of linear
phase filters (J-DSP Lab-3), digital oscillators (J-DSP Lab-1),
and QMF filter banks (J-DSP Lab-5). Several engineering

Thttp://www.abet.org/



748

problems are solved within the context of J-DSP laboratories
relating to ABET Ceriterion 3e. J-DSP tasks also satisty ABET
Criterion 8 since discrete mathematics and linear algebra are
inherent to DSP.

C. Interdisciplinary Extensions and Tools

The work on this National Science Foundation (NSF)
Course-Curriculum and Laboratory Improvement (CCLI)
J-DSP project is ongoing, and several new functions are being
developed. Such functions involve advanced DSP function-
ality for graduate classes in speech processing [27], [35] and
functions that support topics in analog/digital communications
[30], image processing [29], audio effects [32], bio-informatics
[37], and controls [31]. Infrastructure enhancements include a
new GUI that allows integration of J-DSP functionality with
streaming video/audio over MS PowerPoint that is being de-
veloped. A summary of some of the key interdisciplinary areas
and tools supported by J-DSP is included below.

1) Interdisciplinary areas and courses: Some of the interdis-
ciplinary areas targeted by J-DSP are given by psychoa-
coustics, DNA gene sequencing/bio-design, imaging and
computer vision, and human auditory psychophysics. The
J-DSP tool has also been used in several areas and courses
outside the DSP arena (at ASU), for example, in commu-
nications [30] and control systems [31].

2) Use of J-DSP in high schools: In an effort to introduce
high school (HS) students to DSP and multimedia, several
HS friendly and appealing functions [e.g., bass/treble con-
trols, music tone generator, dual-tone multiple-frequency
(DTMF), and graphic equalizer] have been carefully de-
signed [32].

3) Multimedia, MP3, and cellular telephony: J-DSP also
provides a unique tool called Appealing-Application
Assembler (AAA). In particular, the AAA tool helps
students to design and build from a preliminary set of
J-DSP modules a practical application (e.g., linear predic-
tion-based speech analysis as used in cellular telephony,
speech morphing applications, and MP3 players).

D. Future Directions

1) Distributed computing: The inherent Java backbone and
the object-oriented approach of J-DSP allow students
from various university sites to collaborate and exchange
ideas. This tool is in its testing phase and targets primarily
the senior-level design projects.

2) NSF-funded combined educational materials develop-
ment (EMD)/dissemination project: This project also
extends J-DSP for use in computer science and biomed-
ical engineering, and it is collaborative among the
University of Washington, the University of Texas at
Dallas, the University of Rhode Island, and Arizona State
University.

3) Combined Research and Curriculum Development
(CRCD): J-DSP is also used in an NSF-funded inter-
disciplinary CRCD program that aims to provide both
scientific and investigative experiences to undergraduate
(UG) students in various areas.
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