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This
Manual

TheLabVIEW Wavelet and Filter Bank Design Toolkit Reference Manual
describes the features, functions, and applications of wavelet analysis
and filter bank design. In addition, this manual contains descriptions of
LabVIEW virtual instruments (VIs) and LabWindows/C¥/functions

you can use to develop your own wavelet and filter bank designs.

Organization of This Manual

The Wavelet and Filter Bank Design Toolkit Reference Maisial
organized as follows:

© National Instruments Corporation

Chapter 1]ntroduction lists the contents of the Wavelet and Filter
Bank Design (WFBD) Toolkit, describes the installation procedure,
and provides an overview of the WFBD Toolkit.

Chapter 2Wavelet Analysjsdescribes the history of wavelet
analysis, compares Fourier transformation and wavelet analysis,
and describes some applications of wavelet analysis.

Chapter 3Digital Filter Banks describes the design of two-channel
perfect reconstruction filter banks and defines the types of filter
banks used with wavelet analysis.

Chapter 4Using the Wavelet and Filter Bank Design Toolkit
describes the architecture of the WFBD Toolkit, lists the design
procedures, and describes some applications you can create with
the WFBD Toolkit.

Chapter 5Function Referengalescribes the Vis in the WFBD
Toolkit package, the instrument driver for LabWindows/CVI, and
the functions in the DLLs.

Appendix A,Referencedists the reference material used to
produce the Wavelet and Filter Bank Design Toolkit.

Appendix B,Error Codes lists the error codes returned by the
LabVIEW VIs, including the error number and a description.

Appendix C,Customer Communicatigrontains forms you can
use to request help from National Instruments or to comment on our
products and manuals.

ix Wavelet and Filter Bank Design Toolkit



About This Manual

« TheGlossarycontains an alphabetical list and description of terms
used in this manual, including abbreviations, acronyms, metric
prefixes, mnemonics, and symbols.

« Thelndexcontains an alphabetical list of key terms and topics in
this manual, including the page where you can find each one.

Conventions Used in This Manual

bold

italic

bold italic

monospace

<>

<Control>

»

paths

The following conventions are used in this manual:

Bold text denotes a parameter, menu name, palette name, menu item,
return value, function panel item, or dialog box button or option.

Italic text denotes mathematical variables, emphasis, a cross reference,
or an introduction to a key concept.

Bold italic text denotes an activity objective, note, caution, or warning.

Text in this font denotes text or characters that you should literally enter
from the keyboard. Sections of code, programming examples, and
syntax examples also appear in this font. This font also is used for the
proper names of disk drives, paths, directories, programs, subprograms,
subroutines, device names, variables, filenames, and extensions, and for
statements and comments taken from program code.

Angle brackets enclose the name of a key on the keyboard—for
example, <PageDown>.

A hyphen between two or more key names enclosed in angle brackets
denotes that you should simultaneously press the named keys—for
example, <Control-Alt-Delete>.

Key names are capitalized.

The » symbol leads you through nested menu items and dialog box
options to a final action. The sequence

File»Page Setup»Options»Substitute Fontdirects you to pull down
the File menu, select thBage Setuptem, selecOptions, and finally
select theSubstitute Fontsoption from the last dialog box.

Paths in this manual are denoted using backslashes (\) to separate drive
names, directories, and files, as in
C:\dirlname\dir2name\filename

This icon to the left of bold italicized text denotes a note, which alerts
you to important information.

Wavelet and Filter Bank Design Toolkit X © National Instruments Corporation



About This Manual

Abbreviations, acronyms, metric prefixes, mnemonics, symbols, and
terms are listed in th€lossary

Related Documentation

The following documents contain information that you may find helpful
as you read this manual:

e LabVIEW Digital Filter Design Toolkit Reference Manual
* LabVIEW Analysis VI Reference Manual
* LabWindows/CVI Advanced Analysis Library Reference Manual

« Joint Time-Frequency Analysis Manual

Customer Communication

National Instruments wants to receive your comments on our products
and manuals. We are interested in the applications you develop with our
products, and we want to help if you have problems with them. To make
it easy for you to contact us, this manual contains comment and
configuration forms for you to complete. These forms are in

Appendix C,Customer Communicatio@at the end of this manual.

© National Instruments Corporation Xi Wavelet and Filter Bank Design Toolkit



Introduction

This chapter lists the contents of the Wavelet and Filter Bank Design
(WFBD) Toolkit, describes the installation procedure, and provides an
overview of the WFBD Toolkit.

Package Contents

Your WFBD Toolkit contains the following materials:
« TheWavelet and Filter Bank Design Toolkit Reference Manual.
« The WFBD Toolkit diskettes, containing the following four parts:

— WFBD.exe—The main program for designing and testing the
wavelet and filter bank. This stand-alone software does not
require special application software to run it.

— Ivsrc —The folder containing the VI libraries for LabVIEW
users. It contains the source codeWdBD.exe. If you design
your wavelets and filter banks in the LabVIEW environment,
you have more design power. For example, under LabVIEW,
you can design your own real-time test program.

— WFBD32.FP—An instrument driver for Windows 95/NT
LabWindows/CVI users. The driver contains the essential
functions for you to build your own wavelet and filter bank
systems.

— WFBD32.DLL—A 32-bit dynamic link library (DLL) containing
the same functions a8FBD32.FP, which you can use for
LabWindows/CVI and other Windows environments.

Installation Procedure

The following sections contain instructions for installing the WFBD
Toolkit on the Macintosh, Windows, Sun SPARCstation, and HP-UX
platforms.

© National Instruments Corporation 1-1 Wavelet and Filter Bank Design Toolkit



Chapter 1 Introduction

Windows

These instructions apply to Windows3Windows NT, and
Windows 95. Complete the following steps to install the toolkit:

1. Launch Windows.

2. If you are installing the WFBD Toolkit on Windowsx3r
Windows NT, seledEile»Run...from the Program Manager. If you
are installing the WFBD Toolkit on Windows 95, select
Start»Run.... Insert disk 1 and type:

x: \SETUP
wherex is your floppy drive.

3. Follow the instructions on your screen.

Once you complete the on-screen installation instructions, you can run
the WFBD Toolkit.

Macintosh and Power Macintosh

Sun and HP-UX

Complete the following steps to install the toolkit:

1. Insertdisk 1 of the WFBD Toolkit into your 3.5 inch disk drive and
double-click on the WFBD Toolkit Installer icon when it appears
on your desktop.

2. Follow the instructions on your screen.

Once you complete the on-screen installation instructions, you can run
the WFBD Toolkit.

Complete the following steps to install the toolkit on your hard drive:
1. Insert disk 1 of the WFBD Toolkit into your 3.5 inch disk drive.

2. Inthe UNIX shell, enter the following line in a directory for which
you have write permission.

tar xvf /dev/rfdOa INSTALL
This entry extracts the installation script filRSTALL.

3. Enter the following command to start the installation process:
JINSTALL

4. Follow the instructions on your screen.

Once you complete the on-screen installation instructions, you can run
the WFBD Toolkit.

Wavelet and Filter Bank Design Toolkit 1-2 © National Instruments Corporation



Chapter 1 Introduction

WFBD Toolkit Applications

The success of wavelet analysis applications hinges on the selection of
a proper wavelet function. Unlike current wavelet software, the WFBD
Toolkit provides an intuitive and interactive way of designing wavelets
and filter banks. With the WFBD Toolkit, you can choose from a variety
of two-channel perfect reconstruction filter banks and wavelet
functions. In particular, you can examine the performance of wavelet
waveforms and filter banks on your data online. This unique feature
greatly facilitates the design process because you can save all design
results as text files for future use.

The WFBD Toolkit is a stand-alone application as well as an add-on
toolkit for LabVIEW. Using LabVIEW, you can build your own
real-time test experiment.

The WFBD Toolkit also provides an instrument driver if you are using
LabWindows/CVI for Windows 95/NT. This instrument driver contains
all the necessary functions to build your own analysis and synthesis
filter banks system. The instrument driver also provides utility
functions to read the filter bank coefficients designed by using the
stand-alone WFBD application.

In addition, the WFBD Toolkit provides a dynamic link library (DLL)
that contains functions for both LabWindows/CVI and other Windows
users.

© National Instruments Corporation 1-3 Wavelet and Filter Bank Design Toolkit



Wavelet Analysis

This chapter describes the history of wavelet analysis, compares Fourier
transform and wavelet analysis, and describes some applications of
wavelet analysis.

History of Wavelet Analysis

Although Alfred Haar first mentioned the temaveletin a 1909 thesis,

the idea of wavelet analysis did not receive much attention until the late
1970s. Since then, wavelet analysis has been studied thoroughly and
applied successfully in many areas. Current wavelet analysis is thought
by some to be no more than the recasting and unifying of existing
theories and techniques. Nevertheless, the breadth of applications for
wavelet analysis is more expansive than ever was anticipated.

Conventional Fourier Transform

The development of wavelet analysis originally was motivated by the
desire to overcome the drawbacks of traditional Fourier analysis and
short-time Fourier transfornprocesses. Fourier transform
characterizes the frequency behaviors of a signal, but not how the
frequencies change over time. Short-time Fourier transform, or
windowed Fourier transformmsimultaneously characterizes a signal in
time and frequency. You can encounter a problem because the signal
time and frequency resolutions are fixed once you select the type of
window. However, signals encountered in nature always have a long
time period at low frequency and a short time period at high frequency.
This suggests that the window should have high time resolution at high
frequency.

To understand the fundamentals of wavelet analysis, start with an
artificial example.

© National Instruments Corporation 2-1 Wavelet and Filter Bank Design Toolkit



Chapter 2

Wavelet Analysis

Figure 2-1 shows a signg(t) that consists of two truncated sine
waveforms. While the first waveform spans 0 to 1 second, the second
waveform spans 1 to 1.5 seconds. In other words, the frequersfty of
islHzforO<t<land?2Hzforkt<1.5.

s(t)

5 A
0.5 15 t
00 1.0 \/ -

Figure 2-1. Sum of Two Truncated Sine Waveforms

When describing frequency behavior, you traditionally compéje

with a group of harmonically related complex sinusoidal functions,
such as exgfnkt/T}. Here, the termharmonically related complex
sinusoidal functionsefers to the sets of periodic sinusoidal functions
with fundamental frequencies that are all multiples of a single positive
frequency 2vT.

You accomplish the comparison process with the following correlation
(or inner product) operation:

g .2nk 0
a = Is(t)e,([(t)dt = IS(t)eXPBH%tht (2-1)
T T

whereay is theFourier coefficientand * denotes a complex conjugate.

The magnitude oé, indicates the degree of similarity between the
signals(t) and the elementary function eXg{kt/T}. If this quantity is
large, it indicates a high degree of correlation betwségrand
exp{j2rkt/T}. If this quantity is almost 0, it indicates a low degree of
correlation betweeg(t) and exp{2mkt/T}. Therefore, you can consider
a, as the measure of similarity between the sig(tqland each of the
individual complex sinusoidal functions e)pf{ikt/T}. Because
exp{j2rkt/T} represents a distinct frequencyidT (a frequency tick
mark), the Fourier coefficierd, indicates the amount of signal present
at the frequency1k/T.

In Figure 2-1,Sum of Two Truncated Sine Wavefora(® consists of
two truncatedsine waveforms. The inner product of such truncated

Wavelet and Filter Bank Design Toolkit 2-2 © National Instruments Corporation



Chapter 2 Wavelet Analysis

signal and pure sine waveforms, which extends from minus infinity to
plus infinity, never vanishes, that i, is not zero for alk. However,

the dominangy, with the largest magnitude, is that which corresponds
to 1 and 2 Hz elementary functions. This indicates that the primary
components of(t) are 1 and 2 Hz signhals. However, it is unclear, based
on g, alone, when the 1 Hz or the 2 Hz components exist in time.

There are many ways of building the frequency tick marks to measure
the frequency behavior of a signal. By using complex sinusoidal
functions, not only can you analyze signals, but you also can reconstruct
the original signal with the Fourier coefficieayt For example, you can
write s(t) in terms of the sum of complex sinusoidal functions,
according to the following formula, traditionally known Raurier
expansion

00

- O2mnt, O
s(t) = Z aeg(t) = Z aexp—kQ (2-2)
k= — k= —o U T U

whereay is the Fourier coefficient aritk/T is the frequency tick mark.

In this equation, becausgis not zero for alk, you must use an infinite
number of complex sinusoidal functions in equation (2-2) to resfgre
in Figure 2-1,Sum of Two Truncated Sine Wavefarms

Innovative Wavelet Analysis

Looking ats(t) more closely, you find that to determine the frequency
contents o§(t), you only need information regarding one cycle, such as
the time span of one cycle. With this information, you can compute the
frequency with the following formula:

1
frequency= 2-3
au y time span of one cycle (2-3)

© National Instruments Corporation 2-3 Wavelet and Filter Bank Design Toolkit



Chapter 2 Wavelet Analysis

According to this equation, the higher the frequency, the shorter the
time span. Therefore, instead of using infinitely long complex
sinusoidal functions, you can use only one cycle of a sinusoidal
waveform, or a wavelet, to meassf). The waveletp(t) used to
measures(t) is one cycle of sinusoidal waveform, as shown below in

Figure 2-2.
2™ 2 (2™ frequency spectrum
J2
m=1
»-! -
0 0.5 | 2
1
m=0
»t f
0 \/1 1 >

Figure 2-2. Wavelet

Becausa(t) spans 1 second, consider the frequenay(tfto be 1 Hz.
As in the case of Fourier analysis, you can achieve the comparison
process with the following correlation (or inner product) operation:

Wm, n= IS( t)llJm, n(t)dt (2'4)
T

whereW,, ,denotes the wavelet transform coefficients ang(t) are
the elementary functions of the wavelet transform.

Wavelet and Filter Bank Design Toolkit 2-4 © National Instruments Corporation



Chapter 2 Wavelet Analysis

However, the structure of the elementary functigpsyt) differs from
the Fourier transformations, which are thiated andshiftedversions
of Y(t), that is,

m/2

W o) = 27 92" (t-n2™)) (2-5)

wherem andn are integers.

By increasingn, you shifty,, {t) forward in time By increasingm, you
compress the time duration and thereby increase the center frequency
and frequency bandwidth df(t) (Qian and Chen 1996). You can
consider the parametar as thescale factorand 2™ as thesampling

step Therefore, the shorter the time duration, the smaller the time
sampling step, and vice versa.

Assuming the center frequency bft) is wg, then the center frequency
of Y (1) would be 2'wp. Consequently, you can systematically adjust
the scale factomto achieve different frequency tick marks to measure
the signal frequency contents. That is, as the scale facitocreases,
the center frequency and bandwidth of the wavelet incred$es 2

Figure 2-3 depicts the wavelet transform procedure. Firsty feh = 0,
that is, align(t) ands(t) att = 0. Then, as in equation (2-5), compare
Y(t) with s(t) for 0<t < 1. You obtainW, o = 1. Shift(t) to the next
second, that is, let =1, and compare it witRt) for 1<t < 2. You
obtainWg ; = 0.

Next, compresg(t) into 0 to 0.5 seconds, that is, tet= 1, and repeat
the previous operations with the time-shift step 0.5. You obtain the
following results, also displayed in the shaded table of Figure 2-3,
Wavelet Analysjdrom this process:
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Figure 2-3. Wavelet Analysis

You can continue to compregst) by increasing the scale factmrand
reducing the time-shift step™? to tests(t). This procedure is called
wavelet transformy(t) is called themother wavelebecause the

different wavelets used to measus(® are the dilated and shifted
versions of this wavelet. The results of each comparibyy,, are
namedwavelet coefficientsThe indexm andn are the scale and time
indicators, respectively, which describe the signal behavior in the joint
time-scale domain (As shown in Figure 2¥8Bavelet Transform

Sampling Grigdyou can easily convert the scale into frequency. Hence,
W, also can be considered the signal representation in joint time and
frequency domain). In this example, by checking the wavelet
coefficients, you know that for 8t < 1 the frequency ad(t) is 1 Hz

and for 1<t < 1.5 the frequency af(t) is 2 Hz.

Unlike Fourier analysis, wavelet transform not only indicates what
frequencies the signa(t) contains, but also when these frequencies
occur. Moreover, the wavelet coefficieMs, , of a real-valued signal
s(t) are always real as long as you choose real-valyed Compared
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to Fourier expansion, you usually can use fewer wavelet functions to
represent the signaft). In this exampleg(t) can be completely
represented by two terms, whereas an infinite number of complex
sinusoidal functions would be needed in the case of Fourier expansion.

Wavelet Analysis vs. Fourier Analysis

You can apply short-time Fourier transform to characterize a signal in
both the time and frequency domains simultaneously. However, you
also can use wavelet analysis to perform the same function because of
its similarity to short-time Fourier transform. You compute both by the
correlation (or inner product) operation, but the main difference lies in
how you build the elementary functions.

For short-time Fourier transform, the elementary functions used to test
the signal are time-shifted, frequency-modulated single window
functions, all with some envelope. Because this modulation does not
change the time or frequency resolutions (Qian and Chen 1996), the
time and frequency resolutions of the elementary functions employed in
short-time Fourier transform are constant. Figure 2-4 illustrates the
sampling grid for the short-time Fourier transform.

frequency

A

time

Figure 2-4. Short-Time Fourier Transform Sampling Grid

For wavelet transform, increasing the scale paranmeteduces the
width of the wavelets. The time resolution of the wavelets improves and
the frequency resolution becomes worsendsecomes larger. Because
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of this, wavelet analysis has good time resolution at high frequencies
and good frequency resolution at low frequencies.

Figure 2-5 illustrates the sampling grid for wavelet transform. Suppose
that the center frequency and bandwidth of the mother wayéieare

wg andA,, respectively. Then, the center frequency and bandwidth of
P(2™) are 'wy and 2"A,. Although the time and frequency

resolutions change at different scatesthe ratio between bandwidth

and center frequency remains constant. Therefore, wavelet analysis is
also called constant Q analysis, where Q = center frequency/bandwidth.
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Figure 2-5. Wavelet Transform Sampling Grid

Wavelet transform is closely related to both conventional Fourier
transform and short-time Fourier transform. As shown in Figure 2-6,
Comparison of Transform Processedl these transform processes

employ the same mathematical tool, the correlation operation or inner
product, to compare the sigrsfi) to the elementary functidm,(t). The
difference lies in the structure of the elementary functiag$t]}. In

some cases, wavelet analysis is more natural because the signals always
have a long time cycle at low frequency and a short time cycle at high
frequency.
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inner productIs( t)e,L(t)dt

Fourier Transform

Windowed FT

>

Wavelet transform

[ ]

[ 1

Figure 2-6. Comparison of Transform Processes

Applications of Wavelet Analysis

You can use wavelet analysis for a variety of functions, including
detecting the discontinuity of a signal, removing the trend of a signal,
suppressing noise, and compressing data.

Discontinuity Detection

Wavelet analysis detects signal discontinuity, such as jumps, spikes,
and other non-smooth features. Ridding signals of noise is often much
easier to identify in the wavelet domain than in the original domain

For example, the first plot of Figure 2-DBetection of Discontinuity
illustrates a signad(k) made up of two exponential functions. The
turning point or the discontinuity of the first derivative ik at500. The
remaining plots are wavelet coefficients with different scale factors
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As the scale factor increases, you can pinpoint the location of the
discontinuity.

discontinuity
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Figure 2-7. Detection of Discontinuity

Using wavelet analysis to detect the discontinuity or break point of a
signal has helped to successfully repair scratches in old phonographs.
The procedure works by taking the wavelet transform on the signal,
smoothing unwanted spikes, and inverting the transform to reconstruct
the original signal minus the noise.

In 1889, an agent of Thomas Edison used a wax cylinder to record
Johannes Brahms performing his Hungarian Dance No. 1 in G minor.
The recording was so poor that it was hard to discern the melody. By
using wavelet transform, researchers improved the sound quality
enough to distinguish the melody.
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Multiscale Analysis

Using wavelet analysis, you also can look at a signal from different
scales, commonly calledultiscale analysisWavelet transform-based
multiscale analysis helps you better understand the signal and provides
a useful tool for selectively discarding undesired components, such as
noise and trend, that corrupt the original signals.

Figure 2-8 illustrates a multiscale analysis of an S&P 500 stock index
during the years 1947 through 1993. The first plot displays a monthly
S&P 500 index while the last plot describes the long term trend of the
stock movement. The remaining two plots display the short term
fluctuation of the stock, at different levels, during this time. To better
characterize the fluctuation that reflects the short term behavior of the
stock, you must remove the trend. To do this, first adjust the wavelet
decomposition level until you obtain a desired trend. Then, set the
corresponding wavelet coefficients to zero and reconstruct the original
samples minus the trend.

1.22E-1:
5 00E-2- /MJ S&P 500 Index
A7IE-3

1 | 1 1 | 1
0 100 200 300 400 500 556
2 20E 3=
n-mm—-vwwwmwmww
2773k
7.70E-3-
u.unamw
682E-3

334E-1-
2.00E-1-

long term trend

1.16E-2 1 1 ] 1 ] 1 ] 1

Figure 2-8. Multiscale Analysis
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Detrend

One of the most important issues in the application of joint
time-frequency analysis is how to remove the trend. In most
applications, the trend is often less interesting. It attaches to a strong
DC component in the frequency spectrum and thereby blocks many
other important signal features. Traditional detrend techniques usually
remove the trend by lowpass filtering, thus blurring sharp features in the
underlying signal. Wavelet-based detrend is somewhat superior to this
process.

Figure 2-9 Detrend illustrates the same S&P 500 stock index
information as Figure 2-8Viultiscale Analysisbut as a joint
time-frequency analysis. The top plot illustrates the S&P 500 stock
index as well as its corresponding long term trend (smooth curve). The
center plot displays the residue between the original data and the trend,
reflecting the short-term fluctuation. The bottom plot displays the joint
time and frequency behavior of the residue. It shows that over the past
fifty years, a four-year cycle dominates the S&P 500 index, which
agrees with most economist assertions.

P00, dat

long term trend
Detrended

™~

residue

time (1947 — 1993)

frequency

<|1— four-year cycle

Figure 2-9. Detrend
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Chapter 2 Wavelet Analysis

Unlike conventional Fourier transform, which uses only one basis
function, wavelet transform provides an infinite number of mother
wavelets to select. Consequently, you can select the wavelets that best
match the signal. Once the wavelets match the signal, you can use a few
wavelet basis to approximate the signal and achieve denoise.

Figure 2-10 illustrates one of the most successful applications of
wavelet analysis—denoise. Although Figure 2-10 only uses 25% of the
data, the reconstruction preserves all important features contained in the
original image. The left image is transformed into the wavelet basis
with 75% of the wavelet components set to zero (those of smallest
maghnitude). The right image is reconstructed from the remaining 25%
wavelet components.

Original Image Reconstruction

Figure 2-10. Denoise

Performance Issues

Although wavelet analysis possesses many attractive features, its
numerical implementation is not as straightforward as its counterparts,
such as conventional Fourier transform and short-time Fourier
transform. The difficulty arises from the following two aspects.

* In order to reconstruct the original signal, the selection of the
mother waveletp(t) is not arbitrary. Although any function can be
used in equation (2-4), you sometimes cannot restore the original
signal based on the resulting wavelet coefficiahits, W(t) is a
valid or qualified wavelet only if you can reconstruct the original
signal from its corresponding wavelet coefficients. The selection of
the qualified wavelet is subject to certain restrictions. On the other
hand, it is not unique. Unlike the case of conventional Fourier
transform, in which the basis functions must be complex sinusoidal
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functions, you can select from an infinite number of mother wavelet
functions. Therefore, the biggest issue of applying wavelet analysis
is how to choose a desired mother wavdi@). It is generally

agreed that the success of the application of wavelet transform
hinges on the selection of a proper wavelet function.

Because the scale factorcould go from negative infinity to
positive infinity, it is impossible to make the time index of the
wavelet function, 2(t —n2™), an integer number simply by
digitizing t asiA, where; denotes the time sampling interval. This
problem prohibits us from using digital computers to evaluate
wavelet transform.

Fortunately researchers discovered a relationship between wavelet
transform and the perfect reconstruction filter bank, a form of digital
filter banks. You can implement wavelet transform with specific types
of digital filter banks known as two-channel perfect reconstruction
filter banks. Chapter Digital Filter Banks describes the basics of
two-channel perfect reconstruction filter banks and the types of digital
filter banks used with wavelet analysis.
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This chapter describes the design of two-channel perfect reconstruction

filter banks and defines the types of filter banks used with wavelet
analysis.

Two-Channel Perfect Reconstruction Filter Banks

Two-channel perfect reconstruction (PR) filter bamkeye recognized

as useful in signal processing for a long time, particularly after their
close relationship with wavelet transform was discovered. Since then, it
has become a common technique for computing wavelet transform.

Figure 3-1 illustrates a typical two-channel filter bank system. The

signalX(2) is first filtered by a filter bank constituted 184(2) and
G1(d.

Figure 3-1. Two-Channel Filter Bank
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Note: For a finite impulse response (FIR) digital filter g[n], its z-transform is
defined as

N ) N :
G(9) = zog[n]z‘“ = G(¢Y) = G(w) = ¥ glne™”
n= n=0

where N denotes the filter order. Consequently, the filter length is equal to
N + 1. Clearly,w = 0 is equivalent to z = o = Ttis equivalent to z = -1.
That is, G(0) and Gf) in the frequency domain correspond to G(1) and
G(-1) in the z-domain.

Then, outputs 06y(z) andG4(z) are downsampled by 2 to obtaig(z)
andY;(2). After some processing, the modified signals are upsampled
and filtered by another filter bank constructedHyfz) andH,(2). If no
processing takes place between the two filter banks, th¥(®,and

Y,(2) are not altered, the sum of outputdHy{z) andH4(2) is identical

to the original signak(z), except for the time delay. Such a system is
commonly referred to as two-channel PR filter barlgz) andG,(2)

form an analysis filter bank, whereHg(z) andH4(2) form a synthesis
filter bank.

Note: G(z) and H(z) can be interchanged. For instance, you can uggziand
H,(z) for analysis and @(z) and G(z) for synthesis. §(z) and H,(z) are
usually considered as the dual offz) and G(z), and vice versa.

Traditionally,Gg(z) andHq(2) are lowpass filters, whil&,(z) andH4(2)

are highpass filters, where the subscripts 0 and 1 represent lowpass and
highpass filters, respectively. Because the two-channel PR filter banks
processYy(2) andY(2) at half the sampling rate of the original signal
X(2), they attract many signal processing applications.

If you assume the following convention,

IR gl Fing
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then the relationship between two-channel PR filter banks and wavelet
transform can be illustrated by Figure 3-2.

AN
~ Q)

Figure 3-2. Relationship of Two-Channel PR Filter Banks to Wavelet Transform

It is proven (Qian and Chen 1996) that under certain conditions,
two-channel PR filter banks are related to wavelet transform in
two ways:

* Theimpulse response of the lowpass filters converges to the scaling
function ¢(t). Once you obtaig(t), you can compute the mother
wavelet functionp(t) by highpassp(t), as shown in Figure 3-2.

e The outputs of each of the highpass filtersapproximationof
the wavelet transform. You can accomplish wavelet transform with
a tree of two-channel PR filter banks. The selection of a desirable
mother wavelet becomes the design of two-channel PR filter banks.
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Figure 3-3 illustrates the relationship of filter banks and wavelet
transform coefficients.

A frequency

. Inniinnmn

—

. L
filter banks time

Figure 3-3. Filter Bank and Wavelet Transform Coefficients

The following sections describe the design fundamentals for two types
of two-channel PR filter bankbjorthogonalandorthogonal In most
equations, only results are given without justifications. You can find
mathematical treatments in the related references, listed in Appendix A,
References

Biorthogonal Filter Banks

Refer back to Figure 3-lwo-Channel Filter BankYou can define

(Strang and Nguyen 1995; Vaidyanathan 1993) the output of the
low-channel as

Yo(2) = SHo@[GHDX(D) + Go(-DX(-2)]. (3-1)

Similarly, you can define the output of the up-channel as

Yi(2) = SH,(DIG,(X(D) + Gy(-DX(-2)]. (3-2)
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Add them together to obtain,
2[Ho(2)Go(2) + Hy(DIG4(DIX(D) + S Ho(2)Go(-2) + Hy(2)Gy(-DIX(-2).

(3-3)
One term involveX(2) while the other involveX(-2). For perfect
reconstruction, the term witk(—2), traditionally called thalias term
must be zero. To achieve this, you want,
Ho(2)Go(-2) + H1(2)G4(-2) = 0, (3-4)
which you accomplish by letting

Ho(2) = Gy(-2) and Hi(2) = -Gy(-2) . (3-5)

The relationship in equation (3-5) implies that you can oldtglin] by
alternating the sign aj;[n], that is,

holn] = (-1)"0a[n] . (3-6)
Similarly,
hynl = (<1)" " gyln] . (3-7)

Therefore g,[n] andh,[n] are the highpass filters @[n] andhg[n] are

the lowpass filters. For perfect reconstruction, you also want the first
term in equation (3-3), called tluéstortion term to be a constant or a
pure time delay. For example,

Ho(2)Go(2) + Hy(2)Gy(2) = 277, (3-8)

wherel denotes a time delay.

If you satisfy both equations (3-4) and (3-8), the output of the
two-channel filter bank in Figure 3-Two-Channel Filter Bankis a
delayed version of the input signal, that is,

X(2) = 7'X(2) . (3-9)
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However, there remains a problem computBy§z) andG,(z) [or Hy(2)
andHg(2)]. Once you determin€y(z) andG,(2), you can find the rest
of the filters with equation (3-5).

You also can write equation (3-5) as,
G1(2) = Hy(-2) and H.(2) = -Gy(-2) .
Substituting it into equation (3-8) yields,
Go(2)Ho(2)-Gy(-2)Hy(-2) = Py(2) —Py(—2) = 22, (3-10)

wherePy(2) denotes the product of two lowpass filtebg(z) andH(2),
that is,

Po(2) = Gy(2)Hy(2). (3-11)

Equation (3-10) indicates that all odd terms of the product of two
lowpass filtersGy(z) andHg(z), must be zero except for ordervhere

| mustbe odd. But, even order terms are arbitrary. You can summarize
these observations by the following formula:

E 0 n odd andn # |
poln] = 02 n=| : (3-12)
g arbitrary  neven

This reduces the design of two-channel PR filter banks to two steps:

1. Design a filtelPy(2) satisfying equation (3-12).

2. FactorizePy(2) into Gy(2) andHy(2). Then use equation (3-5) to
computeG,(z) andH;(2).

Two types of filters are frequently used fy(2):

e an equiripplehalfbandfilter (Vaidyanathan and Nguyen 1987)

e amaximum flafilter

In the first filter, the halfband refers to a filter in whiel + w, =,
wherewg andw, denote the passband and stopband frequencies,
respectively, as in Figure 3-Balfband Filter.

Wavelet and Filter Bank Design Toolkit 3-6 © National Instruments Corporation



Chapter 3 Digital Filter Banks
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Figure 3-4. Halfband Filter

The second filter is the maximum flat filter with a form according to the
following formula:

Po(2) = (1+797°Q(2), (3-13)

which has p zeros az = -1 orw = 1t If you limit the order of the
polynomialQ(2) to 2p — 2, thenQ(2) is unique.

Note: The maximum flat filter here differs from the Butterworth filter. The
low-frequency asymptote of the Butterworth filter is a constant, while the
maximum flat filter is not.

In all cases, the product of lowpass filRy(2) is a type [ filter, that is,
poln] = pg[N—n] N even, (3-14)
whereN denotes the filter order.

Consequently, the number of coefficiepggn] is odd,N + 1.
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Figure 3-5 plots the zeros distribution of a maximum flat fifg(z) for
p=3.
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Figure 3-5. Zeros Distribution for (1 - z~1)80(2)

There are six zeros at= 1t In this case, the order of the unique
polynomialQ(2) is four, which contributes another four zeros (not on
the unit circle). If you let three zerosat= 11 go toGg(2) according to
the formula,

Go(2) = (14779, (3-15)

and the rest of the zeros goHg(z), you obtainB-spline filter banks
The coefficients ofg[n] andgq[n] and the corresponding scaling
function and mother wavelet are plotted in Figure 88pline Filter
Bank Both the scaling function and mother wavelet generategj[loy
andg4[n] are smooth.
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Figure 3-6. B-Spline Filter Bank

Figure 3-7 depicts the dual filter barfig[n] andh;[n], and

corresponding scaling function and mother wavelet. You also can use
holn] andh,[n] for analysis. In Figure 3-7, the tree filter banks
constituted byhg[n] andhy[n] do not converge.

Figure 3-7. Dual B-Spline Filter Bank
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You must remember that two-channel PR filter banks do not necessarily
correspond to the wavelet transform. The wavelet transformations are
special cases of two-channel PR filter banks. The conditions of
two-channel PR filter banks are more moderate than those for the
wavelet transform.

Finally, the analysis filter banks and synthesis filter banks presented in
this section are orthogonal to each other. That is

Zgi[n—Zk]hi[n] = 3(k) (3-16)
and
Zgi[n—Zk]hl[n] =0 i1, Ok

The filters banks that satisfy equation (3-16) are traditionally called
biorthogonal filter banksin addition to equation (3-16), if the analysis
filter banks also satisfy the following equations

Zgi[n—2k]gi[n] = 8(k) (3-17)

and
Zgi[n—2k]9|[n]:0 i#1, [k

the resulting filter banks are calledthogonal filter banksOrthogonal
filter banks are special cases of biorthogonal filter banks.

Orthogonal Filter Banks

As shown in the preceding section, once you determyis, the

product of two lowpass filters, you must factorRgz) into Gy(z) and

Ho(2). Evidently, the combinations of zeros are not unique. Different
combinations lead to different filter banks. SometirGg&) andG,(2)

work well, butHy(z) andH4(2) might not (see Figure 3-8;spline Filter

Bank and Figure 3-7Dual B-spline Filter Bank One way to make this
process easier is to limit the selections into a subset. The most effective
approach is to requir@y(z) andG4(2), and therebyHy(2) andH;(2), to

be orthogonal, as described by equation (3-17).
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These constraints reduce the filter banks design to one filter design.
Once you seledBg(2), you can easily find all other filters. The
constraints imposed by equation (3-17) not only guarantee that both
filter banks have the same performance, but also provide other
advantages. For example, many applications demonstrate that the lack
of orthogonality complicates quantization and bit allocation between
bands, eliminating the conservation of energy.

To achieve equation (3-17), let
G,(2) = -2 \Go(—z 1), (3-18)
which implies thag,[n] is alternating flip of gg[n], that is,
(9,01, 94[1], 94[2], ...) = (9o[NI, =go[N-1], go[N-2],...).  (3-19)
Equation (3-18) implies that for orthogonal wavelets and filter banks,
Ho(2) = 2" Go(Z ), (3-20)

where you use the relation in equation (3-5). Consequently,
equation (3-11) can be written as,

Po(@) = 2" Gy(2)Go(Z ). (3-21)
If,
Go(2)Go(Z ™) = P(2), (3-22)
then,
: N N ) 2
P(?) = n:z_Np[n]e‘“’“’” = nZoqotn]e"“’” : (3-23)

which implies thaP(z) is non-negative.

Similar to biorthogonal cases, the selectioRg(z) in orthogonal cases
is dominated by maximum flat and equiripple halfband filters.
However, because of constraints imposed by equation (3R3@3),
must be the time-shifted non-negative functi®(@). While the
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maximum flat filter in equation (3-13) ensures this requirement, special
care must be taken whély(2) is an equiripple halfband filter.

Figure 3-8 plots the third order Daubechies filter banks and wavelets. It
is derived from the same maximum flat filter as that depicted in

Figure 3-5Zeros Distribution for (1 —‘21)6Q(z), but in this caseGy(2)
contains three zeros @t= 1tas well as all zeros inside of the unit circle,
therefore possessing minimum phase. Because of the orthogonality, its
dual filter bank has the same convergence property. Compared to the
B-spline cases in Figure 3-B;spline Filter Bankand Figure 3-7Dual
B-spline Filter Bankthe third order Daubechies wavelet and scaling
function are less smooth than thatGy(z) andG,(2) (see Figure 3-6,
B-spline Filter Bank but much smoother than thatléf(z) andH(2)

(see Figure 3-Mual B-spline Filter Bank
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1.00- 1.00-
0.50- 0.00-
0.00- -1.00-
-0.50- 1 1 1 1 1 , 200, 1 1 1 1 1 1
po 10 20 30 40 B0 RO oo 10 20 30 40 RO BN
gn] glln]
1.00- 1.00-
0.50- { I 0.50- [
D.DD—[ ------------ [t Sl U.DU—L----I-----]I ----- l --------- ]
050, | 1 1 I . 050 | 1 1 1 i
a 1 2 3 4 g a 1 2 3 4 g

Figure 3-8. Third Order Daubechies Filter Banks and Wavelets
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Two-Dimensional Signal Processing

The preceding sections introduced two-channel PR filter banks for
one-dimensional (1D) signal processing. In fact, two-channel PR filter
banks also can be used for two-dimensional (2D) signals as shown in
Figure 3-9. In this case, you process rows first and then columns.
Consequently, one 2D array splits to the following four 2D sub-arrays:

e low-low
e low-high
e high-low
* high-high

Each sub-arrays is a quarter size of the original 2D signal.

columns

rows | Gy(2) high-high

high-low
B[ Gy(2) »~ ¥ 2 - ® low-high

low-low

Figure 3-9. 2D Signal Processing

Figure 3-102D Image Decompositignillustrates 2D image
decomposition by two-channel PR filter banks. In this case, the original
128-by-128 2D array is decomposed into four 64-by-64 sub-arrays, but
the total size of the four sub-arrays is the same as the original 2D
array.For example, the total number of elements in the four sub-arrays
is 16,384, which equals 128 times 128. However, if the filters are
selected properly, you can make sub-arrays such that the majority
elements are small enough to be neglected. Consequently, you can use
a fraction of the entire wavelet transform coefficients to recover the
original image and thereby achieve data compression. In this example,
you use the largest 25% wavelet transform coefficients to rebuild the
original image. Among them, the majority (93.22%) are from the
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low-low sub-array. The remaining three sub-arrays contain limited
information. If you repeat the wavelet transform to the low-low
sub-array, you can reduce the compression rate further.

Original Image Reconstruction
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Idle...

Remaining D ata

H Q
ml S 00J% low- | low-
extenzion

ill symmetnc low hlgh

Dats high- | high-
Cloze low hlgh

Figure 3-10. 2D Image Decomposition

Wavelet and Filter Bank Design Toolkit 3-14 © National Instruments Corporation



Using the Wavelet and
Filter Bank Design Toolkit

2

This chapter describes the architecture of the WFBD Toolkit, lists the
design procedures, and describes some applications you can create with
the WFBD Toolkit.

This chapter also describes how to use WFBD Toolkit to design a
desired wavelet and filter bank. Although you can use it without
understanding the fundamentals of wavelets and filter banks introduced
in the previous two chapters, for the best results, it is highly
recommended that you review those chapters before running the WFBD
Toolkit.

Wavelet and Filter Bank Design

Figure 4-1Design Procedure for Wavelets and Filter Bankists the
choices of wavelets and filter banks available in the WFBD Toolkit.
The design of wavelets and filter banks contains three steps.

1. Determine the type of wavelet and filter banks—orthogonal or
biorthogonal.

2. Select the type of filters based on the prod€r) of the two
lowpass filtersGg(2) andHg(2).

3. FactorizePy(2) into Gg(z) andHg(2).
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Step 1 Step 2 Step 3
r—— - - - — — — B
Product | |
of Lowpass | Factorization |
Po(2=Go(9Ho(2) | |
[ | B-spline |

_1.k
| Go(2) = (1+27) |

_1.2p—k

| Hod=(1+z2H* Q@ |
— maximum Flat | Linear Phase |
(1+ 2—1)2pQ( 2 | Gp(2) has to contain both |
| zero z and its reciprocal 1/z; |
—|Arbitrary |
) - Linear Phase |
Biorthogonal - — G | | Gy(2) has to contain both |

enera . .
e | zero z and its reciprocal 1/7 |
| Arbitrary |
! Linear Phase |
| | Positive | Gy(2) has to contain both |
Equiripple | zero z and its reciprocal 1/7 |
P(e')20 | Arbitrary |
_ ! Minimum Phase (Daubechies) |
maXImuszlat Go(2) contains all zeros |z|<1 |
-1,2p [ Ao |
Orthogonal 1+z7) Q(2 —|Arb|trary |

z - Gy(2) » . Minimum Phase

(177) - Ho(2) Egzlitrli\;)i)le | Gy(2) contains all zeros |z|<1 |
. HN |
P20 powey |

Figure 4-1. Design Procedure for Wavelets and Filter Banks
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Because all filters in the WFBD Toolkit act as real-valued FIR filters,
the zeros oPy(2), Go(2), andH(z) are symmetrical in theplane. This
implies that for any zerg, there always existg*, if z is complex

(see Figure 4-2). Hence, you only need to deal with half oz{ane.
Once you selec;, the program automatically includes its complex
conjugatez*.

Figure 4-2. Non-Negative Equiripple Halfband Filter

For both orthogonal and biorthogonal wavelets and filter banks, you can
use either maximum flat or equiripple filters for the product of lowpass
filters Po(2). The maximum flat filters have good frequency attenuation,
but wider transition band. Because the filter has the form

Po(2) = (1+2H7Q(2),

you can impose as many zeroset 1tas you like. On the other hand,
the halfband equiripple filters only can have a pair of zeras=atr,

which gives the equiripple type filtestower convergence rates.
However, it is easier to balance the frequency attenuation and transition
band for an equiripple filter. For a given transition band, the attenuation
is proportional to the filter order &y(2). The larger the order, the better
the attenuation.

Once you determin@y(2), you must factorize it into the lowpass filters,
Go(2) andHg(2). The combination of zeros is not unique. Table 4-1,
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Filter Comparison summarizes some important filter combinations,
while Figure 4-3 through Figure 4-5 plot the zeros distribution.

Table 4-1.  Filter Comparison

Filter Zeros Property Illustration

Real complex conjugate easy to implement Figure 4-2
symmetrical

Minimum Phasg |z|<1 for alli (onor | important for control systems Figure 4-3

inside of unit circle)

all zeros have to be o
or inside of the unit
circle

Linear Phase must contain both and| desirable for image processing | Figure 4-4
its reciprocal 1z

the pair of reciprocals
must be in the same

filter
Orthogonal cannot have; and its | analysis and synthesis have thel Figure 4-5
reciprocal 17, same performance

simultaneously ) ) )
convenient for bit allocation and

z and its reciprocal hg quantization error control
to be in the separated )
filters, contradictory tg Not linear phase
linear phase

even length| odd)
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Figure 4-3. Minimum Phase Filter

Figure 4-4. Linear Phase Filter

Figure 4-5. Orthogonal Filter

Note: The conditions for linear phase and orthogonality are contradictory. In
general, you cannot achieve linear phase and orthogonality
simultaneously.
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Design Panel

If you use LabVIEW with the WFBD Toolkit, you design your wavelets
and filter banks by using the Design Panel. To access the Design Panel,
openWaveMain.llb  and click onDesign Panel . This VI opens the

panel shown in Figure 4-6. If you do not have LabVIEW, run

wfbd.exe . The first panel to appear is the Design Panel. Use the Design
Panel to complete the three steps in designing wavelets and filter banks.
Refer to Chapter,Digital Filter Banks for more background

information on wavelets and filter banks.

= Design Panel -«
File Edit QOperate Project Windows Help
Menu VI Biorthogonal W
0.0
-20.0- Step 1:
Type of Filter Banks
-40.0-
h N
-E0.0-, ! , , , .| Frequency Response
Step 2: [cB] oo nz 04 06 . tD.B 107 of GO(Z) and Gl(z)
Type of Po(2) | Rl
219 #2037 | p[1.7390
2.00-
X
1.00- ~— stributi
- |~ Zero Distribution
_| if_‘ a of Go(Z) & Ho(Z)
'U-DS_II 1 1 1 1
Step 3: -1.05 . 0.00 1.00 200 319 X: GO(Z)
Type of Go(@) [— | | 2o am el & i B B o:Hod
\$ Linear Phaze | 200m ﬂﬂﬂﬂ @J

Figure 4-6. Design Panel
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The three steps in designing wavelets and filter banks are as follows:

1. Select the type of filter bank.
You can select from two types of wavelets and filter banks,
orthogonalandbiorthogonal You can design orthogonal filters
and wavelets easily because they involve fewer parameters, but the
filter banks cannot be linear phase.

2. Find the producky(z).
Po(2) denotes the product @y(z) andHg(2), that is,
Po(2) = Go(2)Ho(2).

Note: In the WFBD Toolkit, G denotes an analysis filter and denotes a

synthesis filter. The subscript 0 denotes a lowpass filter and 1 denotes a
highpass filter.

© National Instruments Corporation

In orthogonal filter banksy(z) can be either maximum flat or

positive equiripple.
i o Mauflat
| Equiipple

In biorthogonal filter banksq(z) can be maximum flat, general
equiripple, or positive equiripple.

3  Masflat
General Equinpple
Positive Equinpple

The maximum flat filter differs from the Butterworth filter. It has a
form,

Po(2) = (1+7H7Q(2). (4-1)

The parametep is controlled by the buttorero pairs att. Q(2) is

a 2 — 2 order polynomial, which you can uniquely determing if
is decided. Therefore, the total number of coefficientByZ) is
4p-1.

The equiripple is further divided into the general equiripple and
positive equiripple filters; however, you only can select general
equiripple filters for biorthogonal filter banks. Although both are
halfband filters, that is, the sum of the normalized passband and
stopband frequencies equals 0.5, the Fourier transform of the
positive equiripple filtepg[n] is always real and non-negative.
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There are two parameters associated with equiripple filters, the
# of tapsand normalizeghassbandfrequency as illustrated in
Figure 4-7.

= Design Panel v

File Edit Qperate Project Windows Help

tenu Vl Orthogonal W

0o

-20.0-

-40.0-

must be less

-E0.0- ; ; i | i h

@00 02 04 06 08 107 than 0.5

Hoftape  passband

4| Postive Equiippls | 3 19 | 5/ 030

mustbe 4p-1, p=2,3,...

Figure 4-7. Equiripple Filter

# of taps—Number of coefficients oPg(z). Becauséy(z) is a
type | FIR filter, the length oPg(z2) must be $ — 1, where
p=23,...

passband—Normalized cutoff frequency ¢¥y(z), which must
be less than 0.5.

Once you determine the product of lowpass filleg&), you must
factorizePg(z) into Gy(2) andHy(2).

3. FactorizePy(z) into Gy(z) andHg(z).

The plot in the lower half of the Design Panel in Figure 4-6 displays
the zeros distribution d?y(z). Because all the zeros are
symmetrical with respect to x-axis, only the upper half of the plane
is displayed. The selection 6(2) andHg(2) is to group different
zeros. The blue circle represents the zer@(@) and the red cross
represents the zeros liy(2).

To select a zero, place the cursor on the zero that you want to
choose and click the left mouse button. This switches the zeros
from Gy(2) to Hp(2), and vice versa. All the zeros go to eitl(z)

or Hg(2). The plot in the upper half of the panel displays the
frequency response of filtef3y(z) andG,(2). G4(2) is the
sign-alternated version ¢fy(2). ThereforeG,(z) must be a
highpass filter ifHy(2) is a lowpass filter.
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If two zeros are too close to choose, usedbem Tool palette,
located in the lower right corner of the Design Panel to zoom in on
these zeros until you can identify these zeros. For maximum flat
filters, there are multiple zeros at 0. Use theeros atrt button

to control how many zeros at= 0 go toGgy(2).

For the giverPy(2), you have four choices f@y(z) andHg(2).

e Linear Phase—Any zero and its reciprocal must belong to the
same filter.

* Minimum Phase-Gy(z) contains all the zeros inside the unit
circle. WhenPy(2) is maximum flat and5y(2) is minimum
phase, the resulting wavelets are traditionally named
Daubechiesvavelets.

* B-Spline—Only available when the filter is biorthogonal and
maximum flat. In this case,

G2 = (1+7H°  Hy@ = 1+7H” Q.

wherek is decided by the buttomeros atrt. p is decided by the
button,zero pairs att, as mentioned earlier.

» Arbitrary—No specific constraints.

Once you decide the type 6f(2) andHy(2), the program
automatically computes the constraints. For example, once you
select a zero, its reciprocal automatically is included if you choose
Gy(2) for linear phase. All possible design combinations provided
by this panel are summarized in Figure &sign Procedure for
Wavelets and Filter Banksf this chapter.
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The Design Panel also provides other utilities. You can access these
utilities from theMenu ring.

o e
10 Data Test
A Data Test

\w'medet and Fillers

Sava Desigh...

Load Design. .

Saue Fiver Coefficients
Show Filler Coelfidents

Gl

1D Data Test—Invokes the 1D_Test panel. Use this panel to
examine the performance of the wavelet and filter bank you
designed with the Design Panel.

2D Data Test—Invokes the 2D_Test panel. Use this panel to test
the wavelet and filter bank you designed for a two-dimensional
image.

Wavelet and Filters—Invokes the Wavelets and Filters panel. Use
this panel to display the mother wavelet, scaling functions, and the
filter coefficients.

Save Design.—Saves the design information in a binary file.
Load Design..—Loads a saved design information file.

Save Filter Coefficients—Saves the designed analysis filter
coefficients and synthesis filter coefficients in a text file.

Show Filter Coefficients—Displays a table listing the designed
analysis and synthesis filter coefficients.

The 1D Data Test 2D Data Test andWavelet and Filtersmenu
options access other panels, described in the remaining sections of this
chapter.
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One-Dimensional Data Test

ThelD_Testpanel is shown in Figure 4-8. You access this panel by
selectinglD Data Testfrom theMenu ring of the Design Panel. Use
this panel to test the designed wavelet and filter bank for 1D data.

mvl‘

File Edit Qperate Project Windows Help

ﬂ'symmetric| Dizplay | Data I Cloze

EKG.DAT
/ 242 2-

2.00E-2-
Extension Type
8.04E-35,

0 500 1000 1500 2000 2500 3000 3599
path[1] 1
212E-4-

-1.98E-4-

0 280 00 780 1000 1250 1500 1803

athiz) [0
1 B3 4-PE)
0.00E +0-
-1.5EE-4-|

0 100 200 300 400 500 600 700 E00 G405
ath(3) [0
2425 5P

2.00E-2-

8--I?E'le 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 OO 700 800 905

Figure 4-8. 1D_Test Panel
Extension Type—Determines the padding method for the data.

Zero Padding—Adds zeros at the beginning and end of the
original data.

Symmetric Extension—Symmetrically adds the input data at
the beginning and end of the original data.
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In both cases, you can add the number of points at the
beginning and the end of the original data with the following
formula:

Np=1 _Ng+Ny

2 2

-1

whereN, is the number of coefficients &(z), Ny is the
number of coefficients of filteGy(z), andNy is the number of
coefficients of filterHg(2).

Display—Displays either a time waveform or a histogram.

Data—Provides the following choices:

Wavelet and Filter Bank Design Toolkit

J Data
Ra=d from fle
DAL Setup
Arquins Data

Read from file—Reads one-dimensional input data from a text
file.

Acquire Data—Uses the data acquisition board specified in
the DAQ Setup panel to acquire a block of data and then
analyze it. You must run the DAQ Setup panel before you
acquire any data.

DAQ Setup—Invokes the DAQ Setup panel, shown in
Figure 4-9 DAQ Setup PanelUse this panel to configure your
data acquisition board.
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= DAQ Setup +[~

File Edit Operate Project Windows Help

ot channel trigger and clock [no trig, int clk)

_ﬂ |! trigger type [no trig: 0]

sampling rate  f# of samples 3“ no higger ||D—

& &
ﬂg Hz ﬂg pretrigger trigger condition

zeans [0] [ho change]

input limits [ho change] : ﬂ,u_l ﬂ’wllﬁ

analog chan [-] & level [0)

trigger channel
[empty] level (0]

| | 3on |

coupling & input config [no change:0)

zcah clock source [ho change:0)
f“ o change ||D—

Acquire Data to a File

Figure 4-9. DAQ Setup Panel
Usually, you only need to configure the following parameters:
device—Indicates which DAQ board you are using to
acquire data.

channel—Indicates which channel on your DAQ board
you are using to acquire data. You only can specify one

channel.
sampling rate—Indicates how fast you sample your data.
# of samples—Indicates how many samples to acquire.

Acquire Data to a File—Acquires a block of data and
saves it to a text file.

Note: The remaining parameters on the DAQ Setup panel are for advanced data
acquisition users. Refer to the corresponding DAQ manual from National
Instruments Corporation for detailed information about these parameters.
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path—Specifies a path for the output for that plot. You can type in
any path. While represents passing a lowpass filGg(z),
1 represents passing a highpass fileg(z). An example of this is

demonstrated in Figure 4-10.

Figure 4-10. Specifying a Path

Two-Dimensional Data Test

The2D_Test panel is shown in Figure 4-11. You access this panel by
selecting2D Data Testfrom theMenu ring of the Design Panel. You
can use this panel to test the designed wavelet and filter banks for a 2D

image.

As introduced in Chapter Bigital Filter Banks by applying wavelet
transform, one image is broken into four subimages. The four
subimages are arranged as follows:

low-low

low-high

high-low

high-high

Wavelet and Filter Bank Design Toolkit 4-14
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mle

File Edit Operate Project ‘Windows Help

—percentage of data
used from sub-images

low-low | low-high

= syrmetric

high-low | high-high

© National Instruments Corporation

Figure 4-11. 2D_Test Panel

Data Usage (%)—Displays the percentage of the wavelet
coefficients from each of the subimages used to restore the image.
In Figure 4-11, the original image size is 353 times 148, or

52,244 data samples. The reconstruction uses 25% of the largest
wavelet transform coefficients, that is, 25% of 52,244 or

13,061 samples. Among these samples, 93.05% are from the
low-low subimage (12,147 coefficients), 6.23% are from the
low-high subimage (814 coefficients), and 0.85% are from the
high-low subimage (111 coefficients). None are from the high-high
subimage.

Remaining Data—Displays your choice for the percentage of the
largest data from the four subimages, which is used for the
reconstruction.
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extension—Determines the padding method for the data.

Zero Padding—Adds zeros at the beginning and end of the
original data.

symmetric extensior—Symmetrically adds the input data at
the beginning and end of the original data.

In both cases, the number of points added at the beginning and
the end of the original data are found by the following formula:
Ng=1 Ng+N,
2 2
whereN, is the number of coefficients &,(z), Ny is the
number of coefficients of filteGy(z), andNy is the number of
coefficients of filterHg(2).

1

Data—Reads a 2D spreadsheet text file or stand image file, such as
aTIF or.BMP file. Be sure to choose the correct data type when
reading the data file.

Wavelets and Filters

As illustrated in Figure 4-12Navelets and Filtergshe Wavelets and
Filters panel displays the mother wavelet and scaling functions, as well
as the filter coefficientsGq(2), G1(2), Ho(2), andH4(2). You access this
panel by selectinyvavelet and Filtersfrom theMenu ring of the

Design Panel. Filter banks do not always converge to a wavelet
function. This panel helps you examine whether the filter bank you
selected converges.

Wavelet and Filter Bank Design Toolkit
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= Wavelets and Filters hd | -
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Figure 4-12. Wavelets and Filters

Refinement—Defines how many levels to go through to compute
the wavelet and scaling function. A proper wavelet usually
converges after 4 or 5 levels.

Save Scaling and Wavelets-Saves the scaling functions and
wavelets for the analysis and synthesis filters in a text file.
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Create Your Own Applications

You can save all design results as text files for use in other applications.
Moreover, the WFBD Toolkit includes three LabVIEW VI libraries,
WaveMain.llb , Wavesubs.llb , andWavemisc.llb , for LabVIEW

users. These three libraries contain the basic wavelet analysis VIs, such
as 1D and 2D analysis and synthesis filters, as well as many other useful
functions. For more information regarding these VIs, refer to Chapter 5,
Function ReferenceConsequently, you can test the design not only

with the two built-in testing panels as described in the previous
sections, but also from your own applications.

This section introduces a few applications that you can develop with the
help of this toolkit. You can create all the examples described in this
section with or without LabVIEW, because you always can incorporate
the filter bank coefficients into your applications from previously saved
text files.

Wavelet Packet Analysis

The preceding sections introduce wavelet analysis in which the signal
is continuously decomposed in the lowpass path, similar to the path
shown in Figure 3-2Relationship of Two-Channel PR Filter Banks to
Wavelet TransformYou also can apply other decomposition schemes to
the signal and still maintain the perfect reconstruction. Figure &3,
Path of a Three Level PR Tra#dustrates the full path for a three level
decomposition. For example, you can decompose the sigas0, 100,
101, and 11, then use those coefficients to reconstruct the original
signal by the synthesis filter banks as shown in Figure 4Aladjelet
Packet Although you do not follow the ordinary wavelet decomposition
scheme discussed in the earlier chapters in this case, you can still fully
recover the original signa if the coefficients are not altered. This
generalized wavelet decomposition is calleslaavelet packetwhich

offers a wider range of possibilities for signal processing.
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Figure 4-13. Full Path of a Three Level PR Tree

The path is completely determined by the applications on the hand. One
common method is to check each node of the decomposition tree and
guantify the information. Then, continue to decompose those nodes
which contain more information. Such technique is traditionally called
an entropy-based criterian

—— 11
1
101 —
X2 0 o0 X(2

————®» 0

Figure 4-14. Wavelet Packet
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On-Line Testing Panel

To assist you with testing your own applications, the main design panel
saves the filter coefficients as the following global variables in the
Wavelet Global VI:

* Analysis Filter Coefficients-Contains coefficients 0B(2)
andG4(2).

* Synthesis Filter CoefficientsContains coefficients dfig(2)
andH4(2).

These variables simultaneously change as you change the design. If you
incorporate those parameters into your own application, you can see the
effect of the different design. Figure 4-15, shown below, illustrates how
LabVIEW uses these two parameters to implement a Wavelet Packet
similar to the one displayed in Figure 4-1Mavelet Packet

X 1 11 Y
[IJIH.]I EAIN [3. 1] {1HFu |
- 57| e B 111 - —|{Bfh — (o5 |
o S 10 [
"= 100 | ]
0

||®.f-\nalysis Filker Coefficients ||

[ €5 pnthesis Fiter Coefficients |

Figure 4-15. Implementation of a Wavelet Packet

Denoising
One of the most successful applications of wavelet transform is called
denoising This application works by first taking the wavelet transform
of the signal, setting the coefficients below a certain threshold to zero,
and finally inverting the transform to reconstruct the original signal.
The resulting signal has less noise interference if the threshold is set
properly. You can find a detailed description of such wavelet
transform-based denoising in D. L. Donoho’s article “De-noise by soft
thresholding” in the May 1995 issue IBfEE Transections Information
Theory
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2

This chapter describes the Vls in the WFBD Toolkit package, the
instrument driver for LabWindows/CVI, and the functions in the DLLs.

LabVIEW VI Applications

This section contains the VIs you can use when operating the WFBD
Toolkit with LabVIEW.

2-Channel Analysis Filter Bank VI

This VI computes the outputs of an analysis filter bank.

¥ A 1
Analpziz Filker B ank === A "1
extension — | T — e
[DBL] X is the input data array.
Analysis Filter Bank contains the analysis filter bank coefficients.
[DBL] Lowpasscontains the lowpass analysis filter coefficients GO.
[DBL] Highpasscontains the highpass analysis filter coefficients G1.
extensiondecides the initial condition Xi and final condition Xf.

extensionhas two options:

0: zero padding—all the initial condition and final condition
are zeros.

1: symmetric extension—extends sigiabymmetrically as
the initial condition and final condition.

[DBL] Y1 is the output of analysis highpass filter.
[DBL] YO0 is the output of analysis lowpass filter.
error. See Appendix BError Codes for a description of the error.
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The VI performs the following operation:

V271
YO

If we define input a%, outputs a¥0 andY1, then,

Ngo

yon = _21X12n+igng0—i
| =
Ng1

y:I'm = z X12n+ iglngl—i

i=1

wheren=10,1,...50-1,m=0,1,..37 — 1,

Nyo is the length of outpuY0, nyy = ceil((, +ng; — 1)/2),
ny; is the length of output'1, ny; = ceil((n, +ngg — 1)/2),
n, is the size of input arrax,

Ngo is the size of50,

Ngy is the size of51,

GO is the analysis lowpass filter coefficients,

Gl is the analysis highpass filter coefficients, and

X1 is the input signaX plus the initial condition Xi and final condition Xf, which is
decided by the selection ektension

If extensionis zero padding, zeros are added at the beginning and the ¥nd of
Figure 5-1 shows how the VI constructs X1 in this case. All the elements in Xi and
Xf are zeros and the lengths of Xi and Xf are

. Ngo*+ N
. 2

gl
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That is,

P Osnsn -1
X1 = %n_% nsnsn,+n,—1
O
Y n,+nesns<2n,+n, -1

X1

Xi X Xf

Figure 5-1. Zero Padding

If you selectsymmetric extension for yowxtension inputX is extended
symmetrically at the first point at the beginning and the last point at the end,
according to the following equation:

n,—n Os<nsn,-1
x1, = %(n_np n,snsn,+n—1

g
D(nx_[n_(nx+np)]_2 np+nXSnS2np+nX—1

Figure 5-2 shows how the VI constructs X1 in this case. The lengdisaofd Xf are the
same as in the zero padding case.

X1

Figure 5-2. Symmetric Extension

If you want to construct Xi and Xf in the different way, you can open the diagram of this
VI and modify it, making sure the lengths of Xi and Xf are equail;to

© National Instruments Corporation 5-3 Wavelet and Filter Bank Design Toolkit



Chapter 5 Function Reference

After constructing X1, this VI computes outp® andY1 the same way as the outputs
in the Decimation Filter VI. Refer to the sectiDecimation Filter Vlin this chapter to
learn how to comput¥0 andY1.

2-Channel Synthesis Filter Bank VI

This VI computes the outputs of a synthesis filter bank.

71— —
Y=
Synthesiz Filter Bank, == 1

errar

Y1 is the input data array for the synthesis highpass filter, often the

LD output from the analysis highpass filter.
[DBL] YO0 is the input data array for the synthesis lowpass filter, often the
output from the analysis lowpass filter.
Synthesis Filter Bankcontains the synthesis filter coefficients.
[DBL] Lowpasscontains the lowpass synthesis filter coefficients.
[DBL] Highpasscontains the highpass synthesis filter coefficients.
[DBL] X is the output from the synthesis filter bank.
error. See Appendix BError Codes for a description of the error.

The VI performs the following operation:

vi (k2| i)

Y
O— X
Y0 Hoz)|—A
The outputX can be described by,
N/ 2-1 ny/2-1
X =y YOu4ih0, o+ > ylaaihl, o
i=0 i=0

wheren=0,1,..L — 1,
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L is the size of outpuX,
L=2np—Npp+1lorL=2n,-ny+1
Note: The lengths ofy0 and Y1 must satisfy2n,q —npg = 2ny; —Nyg. If your inputs
YO and Y1 are the outputs from the same analysis filter bank, this
condition is satisfied automatically.
HO is the synthesis lowpass filter coefficients, whaygis the size oHO, and

H1 is the synthesis highpass filter coefficients, whgggis the size ofH1.

Refer to the sectiomterpolation Filter Vlin this chapter for the more information about
this operation.

2D Analysis Filter Bank VI

This VI computes the outputs of a 2D image passing through an analysis filter bank.

20 inpt A Lo Lo
Analyziz Filker Coefficients =5 FAN _||=.1I= Lows_High
extension — 2L =||=. High_Low
High_High
efrar

When a 2D image passes an analysis filter bank, it is broken into four sub-images. Refer
to Chapter 3Digital Filter Banks for more information about computing the four

sub-images.
2D Input contains 2D input image data.
Analysis Filter Coefficients contains the analysis filter bank
coefficients.
[DBL] Lowpasscontains the lowpass analysis filter coefficients.
[DBL] Highpasscontains the highpass analysis filter coefficients.
extensiondecides the initial condition and final conditiaxtension

has two options:

0: zero padding—all the initial condition and final condition
are zeros.

1: symmetric extension—extends sigiakymmetrically as
the initial condition and final condition.
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Refer to the sectioAnalysisFilterBankn this chapter for
detailed information about how to add data in these two cases.

Low_Low contains the output of the first subimage from the analysis
filter bank.

Low_High contains the output of the second subimage from the analysis
filter bank.

High_Low contains the output of the third subimage from the analysis
filter bank.

High_High contains the output of the fourth subimage from the analysis
filter bank.

error. See Appendix BError Codes for a description of the error.

2D Synthesis Filter Bank VI

This VI computes the 2D output of a synthesis filter bank. It reconstructs the four

subimages into

the original image, if the four images are the outputs from the same

2D Analysis Filter Bank VI.

[DBL]

[DBL]

HEEEEE

Syntheszis Filter Coefficients seemmsmmmesy
Lo Lo il Output
Low_High =T Tl
High_Low -="_r et
High High

Synthesis Filter Coefficientscontains the synthesis filters coefficients.
Lowpasscontains the lowpass synthesis filter coefficients.
Highpasscontains the highpass synthesis filter coefficients.

Low_Low contains the first subimage from the analysis filter bank.

Low_High contains the second subimage from the analysis filter bank.

High_Low contains the third subimage from the analysis filter bank.

High_High contains the fourth subimage from the analysis filter bank.

Output is the reconstructed X image of the signal.

error. See Appendix B&rror Codes for a description of the error.
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Decimation Filter VI

This VI performs a decimation filter.

decimate factor ———

Initial Conditian ] Output
IripLat .
Final Condition fdmm rmor

Filter Coefficients

decimate factorindicates the data reduction rate in @wtput array.
Only everyMth point of the output from filter G is kept in ti@utput
array.

—i
| -}

DEL Initial Condition contains the initial condition of tHeput.

[DBL] Input contains the input signal.
Final Condition contains the final condition of tHaput.
[DBL] Filter Coefficients contains the filter coefficients.

Output contains the output array.

error. See Appendix BError Codes for a description of the error.

=
=
|

L

This VI performs the following operation:

R CEIR U

That is

Ng

y; = z lei+kgng_k i =0 1..ceil((L-ny+ 1)/M)
K=1
n, is the size oK,
G are theFilter Coefficients,

Ng is the size of G,

Y is theOutput array,
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M is thedecimate factor, and

X1isInitial Condition plusinput plusFinal Condition, according to the following
formula:

i i=01.n;-1
X1 = %(i—nxI =N ng+l..ng+n,—1
fi—nxi—nx L= n><i+nx"'nxi+n><+n><f_1

whereXi is the array ofnitial Condition ,
n; is the size of Xi,

xf; is the array ofinal Condition, and
n,s is the size of Xf.

The first plot in Figure 5-Filtering Operation shows the signal of X1. The VI performs
a regular FIR filtering or convolution followed by a decimation factoMofThe
operation is illustrated in Figure 5-Biltering Operation
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ny—1
Yo = x1,9, _; first point
> iZO !
A ng—1
Yo = z X1 4 O, i n=1..L-ng-2
- i=0
A ny—1
= Yio1 = Z XlL—ng+igng—i last point
- i=0

Figure 5-3. Filtering Operation
whereY is the decimation version of, that isy, = y'y,, wheren=0,1...L — 1M, and
L is the length of X1, wherke = n,; + ny + nys.

For the two-channel PR filter banks, the requirementfpandn,; is
Ny = Nyt = (Ngo + Ng)/2 — 1

whereng, is the length of the analysis lowpass filter, and
Ng1 is the length of the analysis highpass filter.

If n,; andnys meet the above condition, using the Decimation Filter and Interpolation
Filter VIs produces a perfect reconstructed signal with no delay.
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Figure 5-4 shows how to build a two-channel perfect reconstruction system using the
Decimation Filter and Interpolation Filter VIs. Thgput andOutput arrays are the

same. In this example, theitial Condition andFinal Condition arrays are constructed

as zero padding. You can construct any valuésitial Condition andFinal Condition

as long as the sizes meet the requirements previously mentioned. If these requirements
are met, you receive the sa@etput aslnput.

@y
- b } I> “ [Inmal Condition and Final Condition arrays]
2-channel analysis 2-channel synthesis

filter bank filter bank
Input | [o6L] £l
decim interp
B Cutput
2
L Lowpass [o51]
(=) Highpaszz
Analyziz Filter Bank . hind
decim interp

Lowpaszz
Surithesis Filter Bank [__| Highpass

Figure 5-4. Two-Channel Perfect Reconstruction System

This VI is a subVI of the 2-Channel Analysis Filter Bank VI, which limitsIthigal
Condition andFinal Condition to two cases, zero padding and symmetric extension.

Interpolation Filter VI

This VI performs an interpolation filter.

i i I_nput hilnl Cutpuk
Filter Coefficients siror

interpolation factor

__—Interp

Input contains the input signal.

[DBL]
[DBL] Filter Coefficients contains the filter coefficients.
interpolation factor indicates the number of zeros to add among the

Input data pointsL — 1 zeros are inserted among each data point of the
Input array before the filtering operation.
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[DEL] Output contains the output array.
error. See Appendix BError Codes for a description of the error.
This VI performs the following operation:

x —ALp{ @}

X1

That is,

nh—1

y, = z X1i+kgnh—k i=01.Ln—ny+1
k=0

whereH is the array ofilter Coefficients,
n, is the size oH,

Y is theOutput array,

L is theinterpolation factor, and

X1 is the interpolatedhput, that is, you insert — 1 zeros among each pointlaput
data.

Figure 5-5 shows the case wher 2.

Figure 5-5. Signal Interpolated by 2

From X1 to Y is a regular FIR filtering or convolution. The operation is the same as
shown in Figure 5-3Filtering Operation
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If you set the proper length of theitial Condition andFinal Condition in the
Decimation Filter VI, when building a two-channel filter bank using the Decimation
Filter and Interpolation Filter VIs, you can get a perfect reconstructed signal with no
delay, as shown in Figure 5-iwvo-Channel Perfect Reconstruction System

This VI is a subVI of the 2-Channel Synthesis Filter Bank VI.

Mother Wavelet and Scaling Function VI

This VI computes the mother wavelet and scaling function of a filter bank. For a detailed
description of the mother wavelet and scaling function, refer to Figurdr@ationship
of Two-Channel PR Filter Banks to Wavelet TransfamChapter 3Digital Filter Banks

Filter Bank Coefficients Secaling Function
_ - L tather W avelst
refinement v 1 4

_I_ errar

Filter Bank Coefficients contains the filter bank coefficients.

[DBL] Lowpasscontains the lowpass filter coefficients.
[DEL] Highpasscontains the highpass filter coefficients.

refinement indicates how many levels of lowpass filters to go through
to calculate théMother Wavelet andScaling Function

Scaling Function See Figure 3-Relationship of Two-Channel PR Filter
Banks to Wavelet Transforim Chapter 3Digital Filter Banks

—
=2
=

L

Mother Wavelet. See Figure 2-3NVavelet Analysisin Chapter 2,
Wavelet Analysis

dt indicates the time duration between two points inMloeher
Wavelet andScaling Functionoutputs.

error. See Appendix BError Codes for a description of the error.

=
=2
-]

L
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LabWindows/CVI Applications

This section describes the LabWindows/CVI utilities you can use with
the WFBD Toolkit.

Calling WFBD functions in LabWindows/CVI

Add thewfbd32.fp  to your project to call any functions in the
instrument driver in your C code. You can finétib32.fp  under the
cvisrc\instr subdirectory of your installation directory.

wfbd32.fp needs import librarwfbd32.lib  in the same directory to
run correctlywfbd32.lib  callswfbd32.dll  which is installed under
your system directory. LabWindows/CVI complier is compatible with
four commonly used C extensions:

* Visual C/C++

e Symantec C/C++
* Borland C/C++

* Watcon C/C++

The installer automatically detects which extension CVI supports and
installs the correct import librasyfbd32.lib . If you change CVIto a
different extension later on, you need to copy the right import library
wfbd32.lib  to the same directory asbd32.fp . You can find four
different import libraries undewindillib subdirectory of your
installation directory.

For examples of how to call these functions, check the directory
\cvisrc\examples subdirectory of your installation directory.

WFBD Instrument Driver

The Wavelet and Filter Bank Design Toolkit provides an instrument
driver,wfbd.fp , for LabWindows/CVI developers using the
Windows 95/NT platform. You can find this file in theisrc\instr
subdirectory of your installation directory.

The following are the function prototypes in the instrument driver.

typedef struct {
double *Lowpass; /* pointer to the lowpass filter coefficients */

long nl; /* number of coefficients in Lowpass */
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double *Highpass; /* pointer to the lowpass filter coefficients */
long nh; /* number of coefficients in Lowpass */
}FilterBankStruct, *FilterBankPtr;

long status=AnalysisFilterBank(double x[],long nx,FilterBankPtr
AnalysisFilters,long padtype,double y0[],long ny0,double y1[],long
ny1);

long status = SynthesisFilterBank(double y0[],long ny0,double
y1[],long ny1,FilterBankPtr SynthesisFilters,double x[],long nx);

long status = DecimationFilter(double x[],long nx,double coef[],long
nf,double init[],long ni,double final[],long nf,long decfact,double
yll.long ny);

long status = InterpolationFilter(double x[],long nx,double
coef[],long nf,long interfact,double y[],long ny);

long status = AnalysisFilterBank2D(void *x,long rows,long
cols,FilterBankPtr AnalysisFilters,long padtype,void* low_low,void*
low_high,void* high_low,void* high_high,long outsize[]);

long status = Analysis2DArraySize(long xrows,long xcols,long nl,long
nh,long nsize[8]);

long status = SynthesisFilterBank2D(void* low_low,void*
low_high,void* high_low,void* high_high,long insize[],FilterBankPtr
SynthesisFilters,void *x,long xrows,long xcols);

long status = Synthesis2DArraySize(long nsize[8],long nl,long nh,long
*rows,long *cols);

FilterBankPtr fptr=AllocCoeffWFBD(void);

long status=ReadCoeffWFBD(char coeffPath[],FilterBankPtr
AnalysisFilter,FilterBankPtr SynthesisFilter);

long err = FreeCoeffWFBD(FilterBankPtr fptr);

AllocCoeffWFBD

FilterBankPtr fptr=AllocCoeffWFBD (void );

Use this function to allocate the WFBD filter bank coefficients structure. You must call
this function once to properly allocate the WFBD filter coefficients structure.

Return Value

fptr FilterBankPtr Pointer to allocated filter bank structure.
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Analysis2DArraySize

long status=Analysis2DArraySizdlong xrows,long xcols long nl,longnh,long
nsize[8);

Computes the sizes of four output arrays for AnalysisFilterBank2D. Call this function to
compute the sizes for four arrays before calling AnalysisFilterBank2D.

Parameters
Input Xrows long integer The row size of 2D input array
xcols long integer The column size of 2D input array|
nl long integer The size of lowpass filter in the
analysis filter bank.
nh long integer The size of highpass filter in the
analysis filter bank.
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Output | nsize

long-integer array

The array contains all the size
information of four output arrays i
AnalysisFilterBank2D. The array|
size ofnsizemust be 8. Assume th
four arrays are
low_low,low_high,high_low and
high_high, then

nsize[0} the number of rows of arrg
low_low.

nsize[1} the number of columns of

arraylow_low.

nsize[2] the number of rows of arrg
low_high.

nsize[3} the number of columns of

arraylow_high.

nsize[4} the number of rows of arrg
high_low.

nsize[5} the number of columns o
arrayhigh_low.

nsize[6} the number of rows of arrg
high_high.

nsize[7} the number of columns o
arrayhigh_high.

Return Value

status

integer

Refer to Appendix B for error codé

Wavelet and Filter Bank Design Toolkit
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long status = AnalysisFilterBank(double X[],long nx,FilterBankPtr
AnalysisFilters,long padtype,double yO[],long nyO,double y1[],long nyl);

Computes the outputs of a 2-Channel Analysis Filter Bank. It performs the same

operation as 2-Channel Filter Bank VI. Please refer to the description about that VI for

the detailed information.

)

Parameters
Input X double-precision array | The input data array.

nx long integer The size of input array.

Analysis | FilterBankPtr The structure holding the analysi

Filters filter bank coefficients.

padtype | long integer The type of padding used at the
beginning and the end of the input
data.
0: zero padding
1: symmetric extension

nyO long integer The array size of0. It must be
ceil((nx + nh—1) / 2).nhis the size
of the highpass filter in
AnalysisFilters.

nyl long integer The array size ofl. It must be
ceil((nx + nl = 1) / 2).nl is the size
of the lowpass filter in
AnalysisFilters.

Output | yO double-precision array | The output from the analysis

lowpass filter.

yl double-precision array | The output from the analysis
highpass filter.

Return Value

status

integer

Refer to Appendix B for error codes.
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Example

/* Example 1: How to call function AnalysisFilterBank */
include “wfbd.h”

FilterBankPtr anaptr, synptr;

double *X,*y0,*y1;

long err,nx,ny0,ny1;

anaptr = AllocCoeffWFBD(); /* allocate filter bank structure */

if(lanaptr) return;
synptr = AllocCoeffWFBD();
if(!synptr) {
free(anaptr);
return;

}

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */
if(err) goto errend;

nx = 128;

x = (double*)malloc(nx*sizeof(double));

if(!x) goto errend;

Chirp (nx, 1.0, 0.0, 0.5, x);

ny0 = ceil(0.5*(nx+anaptr->nh-1)); /* Compute the size of output array */
y0 = (double*)malloc(nyO*sizeof(double));
if('y0) goto errend;
nyl = ceil(0.5*(nx+anaptr->nl-1));
y1 = (double*)malloc(ny1*sizeof(double));
if(ty1) {
free(y0);
goto errend;

}
err=AnalysisFilterBank(x,nx,anaptr,0,y0,ny0,y1,ny1);
errend:

free(x);

FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);

AnalysisFilterBank2D

long status = AnalysisFilterBank2D(void * X,long rows,long colsFilterBankPtr
AnalysisFilters,long padtype,void* low_low,void* low_high,void*
high_low,void* high_high,long outsizd]);

Computes the output from an analysis filter bank of a 2D signal. It performs the same
operation as in 2D Analysis Filter Bank VI. Please refer to the description for that VI for
detailed information.
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Parameters
Input X 2D double-precision The input 2D data array.
array

rows long integer The number of rows of input array,

cols long integer The number of columns of input
arrayx.

AnalysisFi | FilterBankPtr The structure holding the analys

Iters filter bank coefficients.

padtype long integer The type of padding used at the
beginning and the end of the inpu
data.
0: zero padding
1: symmetric extension

outsize long integer array Contains the size information for

four output arrays. Call the
Analysis2DArraySize function to
compute this array.

outsize[0} the number of rows of
arraylow_low; it must be ceil
((rows+ nh—-1)/2).

outsize[1} the number of columns
of arraylow_low; it must be
ceil((cols+nh-1)/ 2).

outsize[2} the number of rows of
arraylow_high; it must be
ceil((rows +nl—1) / 2).

outsize[3} the number of columns
of arraylow_high; it must be
ceil((cols+ nh—1)/ 2).

outsize[4} the number of rows of
arrayhigh_low; it must be
ceil((rows + nh—1) / 2).

© National Instruments Corporation
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outsize[5} the number of columns
of arrayhigh_low; it must be
ceil((cols+nl— 1) / 2).

outsize[6} the number of rows of
arrayhigh_high; it must be
ceil((rows + nl— 1) / 2).

outsize[7} the number of columns
of arrayhigh_high; it must be
ceil((cols+nl—1) / 2).

For all equationgjl is the size of thg
lowpass filters andhis the size of
the highpass filters in th&nalysis
Filters.

D

Output

low_low

low_high

high_low

high_high

double-precision 2D
array

double-precision 2D
array

double-precision 2D
array

double-precision 2D
array

The upper left subimage from th
analysis filter bank.

1]

The upper right subimage from the
analysis filter bank.

The lower left subimage from th
analysis filter bank.

1%

The lower right subimage from the
analysis filter bank.

Return Value

status

integer

Refer to Appendix B for error codes.

Wavelet and Filter Bank Design Toolkit
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Example

/* Example 2: How to call function AnalysisFilterBank2D */
#include “wfbd.h”

FilterBankPtr anaptr, synptr;
double *x,*Il,*Ih,*hl,*hh;
long err,rows,cols,nsize[8];

anaptr = AllocCoeffWFBD(); /* allocate filter bank structure */
if(lanaptr) return;
synptr = AllocCoeffWFBD();
if(!synptr) {
free(anaptr);
return;

}

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */
if(err) goto errend;

rows = 128;

cols = 256;

x = (double*)malloc(rows*cols*sizeof(double));

if(!x) goto errend;

/* compute the size of output arrays */
err = Analysis2DArraySize(rows,cols,anaptr->nl,anaptr->nh,nsize);
if(err) goto errend;

/* Allocate memory for the output arrays*/
Il = (double*)malloc(nsize[0]*nsize[1]*sizeof(double));
if(!ll) goto errend;
Ih = (double*)malloc(nsize[2]*nsize[3]*sizeof(double));
if(1lh) {

free(ll);

goto errend,;

hl = (double*)malloc(nsize[4]*nsize[5]*sizeof(double));
if('hl) {

free(ll);

free(lh);

goto errend,;

hh = (double*)malloc(nsize[6]*nsize[7]*sizeof(double));

if(thh) {
free(ll);
free(lh);
free(hl);
goto errend,;
}
err = AnalysisFilterBank2D(x,rows,cols,anaptr,0,ll,Ih,hl;hh,nsize);
free(ll);
free(lh);
free(hl);
free(hh);
errend:
free(x);
FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);
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DecimationFilter

long status = DecimationFilte(double X[],long nx,double coef[],long ncoefdouble
init[] ,long ni,double final[] ,long nf,long decfactdouble y[],long ny);

Performs a decimation filtering. It performs the same operation as the Decimation Filter

V1. Please refer to the description for that VI for detailed information.

Parameters
Input X double-precision array | The input data array.
nx long integer The size of input array.
coef double-precision array | The array of filter coefficients.
ncoef long integer The size of arragoef.
init double-precision array | The initial condition of the input data
ni long integer The size of arraynit.
final double-precision array | The final condition of the input data.
nf long integer The size of arrayinal.
decfact long integer The decimation factor.
ny long integer The size of output array It must be
ceil((nx + ni + nf
—ncoef+ 1) / decfac.
Output | vy double-precision array | The output from the decimation
filter.

Return Value

status

integer

Refer to Appendix B for error codes.

Example

/* Example 3: How to build 2-channel analysis filter bank using DecimationFilter */

#include “wfbd.h”

FilterBankPtr
double
long

anaptr = AllocCoeffWFBD();

if(lanaptr) return;

synptr = AllocCoeffWFBD();

Wavelet and Filter Bank Design Toolkit

anaptr, synptr;
*x,*y0,*y1,*init,*final, *xtmp;
err,nx,ny0,ny1,nl,nh,npad,i;

/* allocate filter bank structure */
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if(!synptr) {
free(anaptr);
return;

}

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */
if(err) goto errend;

nl = anaptr->nl;
nh = anaptr->nh;

x = (double*)malloc(nx*sizeof(double));
if(Ix) goto errend;

npad = (nl+nh)/2-1; /* Compute the size of initial and final condition arrays */
init = (double*) malloc(npad*sizeof(double));
if(!init) goto errend;
final = (double*) malloc(npad*sizeof(double));
if(ffinal) {
free(init);
goto errend;

}

/* Initialize the initial and final condition arrays to zeros, you can initilize these
two arrays to different values base on your requirments */

xtmp = init;
for(i=npad;i--;) *xtmp++ = 0.0;
xtmp = final;

for(i=npad;i--;) *xtmp++ = 0.0;

/* Compute the size of output arrays and allocate memory for them */
nyO0 = ceil(0.5*(nx+nh-1));
y0 = (double*)malloc(ny0*sizeof(double));
if(ty0) {
free(init);
free(final);
goto errend,;

}
nyl = ceil(0.5*(nx+nl-1));
y1 = (double*)malloc(nyl*sizeof(double));

if(ty1) {
free(y0);
free(init);
free(final);
goto errend,;
}
/* Compute the ouput from the analysis lowpass filter */
if(n1>0)

err = DecimationFilter(x,nx,anaptr->Lowpass,nl,init,npad,final,npad,2,y0,ny0);

/* Compute the ouput from the analysis highpass filter */

if(lerr) {
if(nh>0)
err = DecimationFilter(x,nx,anaptr->Highpass,nh,init,npad,final,npad,2,y1,ny1);
}
errend:
free(x);
FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);
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Parameter Discussion
To obtain the perfect reconstruction, you must meet the following condition:
ni =nf = (nl +nh)/2 -1

wherenl is the size of the analysis lowpass filter anids the size of the analysis
highpass filter.

You can use this function to build a 2-Channel Analysis Filter Bank.

FreeCoeffWFBD

long err = FreeCoeffWFBD(FilterBankPtr fptr);

Use this function to free the WFBD filter bank coefficients structure and all of its
coefficients arrays.

Parameters
Input | fptr FilterBankPtr Pointer to allocated filter bank
structure.
Return Value
err integer Refer to Appendix B for error codes.

InterpolationFilter

long status = InterpolationFilter (double x[],long nx,double coef[],long nf,long
interfact,double y[],long ny);

Performs an interpolation filter. It performs the same operation as the Interpolation Filter
VI. Please refer to the description for that VI for detailed information. You can use this
function to build a 2-Channel Synthesis Filter Bank.
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£S.

Parameters
Input X double-precision array | The input data array.
nx long integer The size of input array.
coef double-precision array | The array of filter coefficients.
nf long integer The size of arragoef.
interfact long integer The interpolation factor.
ny long integer The size of output array It must be
nx*interfact —nf + 1.
Output | vy double-precision array| The output from the interpolation
filter.
Return Value
status integer Refer to Appendix B for error codé
Example

/* Example 4: How to build 2-channel synthesis filter bank using InterpolationFilter */

#include “wfbd.h”

test()

{

FilterBankPtr anaptr, synptr;

double *X,*y0,*y1,*tmp,*x0;

long err,nx,ny0,ny1,nl,nh,npad,i;

anaptr = AllocCoeffWFBD(); /* allocate filter bank structure */

if(lanaptr) return;
synptr = AllocCoeffWFBD();
if(!synptr) {
free(anaptr);
return;

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */

if(err) goto errend;

nl = anaptr->nl;
nh = anaptr->nh;

x = (double*)malloc(nx*sizeof(double));

if(!x) goto errend;

/* Compute the size of output arrays and allocate memory for them */

nyO0 = ceil(0.5*(nx+anaptr->nh-1))

y0 = (double*)malloc(ny0*sizeof(double));

if('y0) goto errend;

nyl = ceil(0.5*(nx+anaptr->nl-1));

y1 = (double*)malloc(nyl*sizeof(double));
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if(ty1) {
free(y0);
goto errend;

}

err = AnalysisFilterBank(x,nx,anaptr,0,y0,ny0,y1,ny1);
ifterr) {

free(y0);

free(yl);

goto errend;

}

/* Allocate memory for the output of synthesis filter bank */
X0 = (double*)malloc(nx*sizeof(double));
if(1x0) {

free(y0);

free(yl);

goto errend;

tmp = (double*)malloc(nx*sizeof(double));

if('tmp) {
free(y0);
free(yl);
free(x0);
goto errend;
}

/* Compute the output from synthesis lowpass filter */
err = InterpolationFilter(y0,ny0,synptr->Lowpass,synptr->nl,2,x0,nx);
if(err) {

free(tmp);

return (err);

}

/* Compute the output from synthesis highpass filter */
err = InterpolationFilter(y1,ny1,synptr->Highpass,synptr->nh,2,tmp,nx);
ifterr) {

free(tmp);

return (err);

}

/* Compute the output from the synthesis filter bank */
for(i=0;i<nx;i++) x0[i] += tmpl[i];

errend:
free(x);
FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);
}
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ReadCoeffWFBD

long status=ReadCoeffWFBchar coeffPath], FilterBankPtr
AnalysisFilter,FilterBankPtr SynthesisFilten);

Reads the analysis and synthesis filter bank coefficients from a text file.You must call
AllocCoeffWFBD to allocate filter bank structures for both analysis filter banks and
synthesis filter banks. The text file is created by usif®D.exe.

Parameters
Input coeffPath char array The path of the text file to read.
Output | AnalysisFilter FilterBankPtr The structure that holds the

analysis filter bank coefficients. If
this pointer is set to NULL, the
function will not read the analysi
filter bank coefficients.

Uy

SynthesisFilter FilterBankPtr The structure that holds the
synthesis filter bank coefficients. |If
this pointer is set to NULL, the
function will not read the synthesjs
filter bank coefficients.

Return Value

status integer Refer to Appendix B for error codés.

Synthesis2DArraySize

long status=Synthesis2DArraySiz8ong nsize[8], longnl,long nh,long *rows,long
*cols);

Computes the size of the 2D output array for SynthesisFilterBank2D. Call this function
to compute the sizes for the output array before calling SynthesisFilterBank2D.
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Parameters

Input nsize long integer array The array contains all the size
information of four input arrays fq
the SynthesisFilterBank2D.

=

The array size afisizemust be 8.

Assume the four input arrays are
low_low, low_high, high_low, and
high_high, then

nsize[0} the number of rows of array
low_low.

nsize[1} the number of columns o
arraylow_low.

nsize[2} the number of rows of array
low_high.

nsize[3} the number of columns o
arraylow_high.

nsize[4} the number of rows of array
high_low.

nsize[5} the number of columns o
arrayhigh_low.

nsize[6} the number of rows of array
high_high.

nsize[7} the number of columns o
arrayhigh_high.

nl long integer The size of lowpass filter in the
synthesis filter bank.

nh long integer The size of highpass filter in the
synthesis filter bank.

Output | rows long integer The row size of the 2D output array
for SynthesisFilterBank2D.

—

cols long integer The column size of the 2D outpu
array for SynthesisFilterBank2D.
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status

integer

Refer to Appendix B for error codes.

SynthesisFilterBank

long status = SynthesisFilterBankdouble yO[],long nyO,double y1][],long

ny1,FilterBankPtr

SynthesisFiltersdouble X[],long nx);

Computes the output of a 2-Channel Synthesis Filter Bank. It performs the same

operation as in 2-Channel Synthesis Filter Bank VI. Please refer to the description for that

VI for detailed information.

S

Parameters
Input y0 double-precision array | The input data array for the
synthesis lowpass filter.
nyO0 long integer The size of input arrayO.
yl double-precision array | The input data array for the
synthesis highpass filter.
nyl long integer The size of input arrayl.
Synthesis| FilterBankPtr The structure holding the synthesi
Filters filter bank coefficients.
nx long integer The array size of. It must be
2*ny0—nl+ 1 =2Myl —nh+ 1.
The values ohy0, ny1, nl, andnh
must meet the above conditiamlL
is the size of lowpass filter in
SynthesisFilters nhis the size of
highpass filter irSynthesisFilters.
Output | x double-precision array | The output from the synthesis filt
bank.

1%
p4
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Return Value

status integer Refer to Appendix B for error codes.

Example

/* Example 5: How to call function SynthesisFilterBank */

#include “wfbd.h”

FilterBankPtr anaptr, synptr;
double *X,*y0,*y1,*x0;
long err,nx,ny0,ny1;

anaptr = AllocCoeffWFBD(); /* allocate filter bank structure */
if(lanaptr) return;
synptr = AllocCoeffWFBD();
if(synptr) {
free(anaptr);
return;

}

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */
if(err) goto errend;

nx = 128;

x = (double*)malloc(nx*sizeof(double));

if(!x) goto errend;

Chirp (nx, 1.0, 0.0, 0.5, x);

nyO = ceil(0.5*(nx+anaptr->nh-1));/* Compute the size of output array */
y0 = (double*)malloc(nyO*sizeof(double));
if('y0) goto errend;
nyl = ceil(0.5%*(nx+anaptr->nl-1));
y1 = (double*)malloc(ny1*sizeof(double));
if(ty1) {
free(y0);
goto errend;

}
err=AnalysisFilterBank(x,nx,anaptr,0,y0,ny0,y1,ny1);

/* Allocate memory for the output of synthesis filter bank */
X0 = (double*)malloc(nx*sizeof(double));
if(1x0) {

free(y0);

free(yl);

goto errend;

}
err = SynthesisFilterBank(y0,ny0,y1,ny1,synptr,x0,nx); /* x0 and x should be the same
value */free(x0);

errend:
free(x);
FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);
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long status = SynthesisFilterBank2[Qvoid*
high_low,void*

*X,long xrowsJlong xcols);

low_low,void* low_high,void*
high_high,long insiz€], FilterBankPtr SynthesisFiltersyoid

Computes the output from a synthesis filter bank of a 2D signal.

Parameters
Input low_low double-precision 2D | The upper left subimage from the
array analysis filter bank.
low_high | double-precision 2D | The upper right subimage from the
array analysis filter bank.
high_low | double-precision 2D | The lower left subimage from the
array analysis filter bank.
high_high | double-precision 2D | The lower right subimage from th
array analysis filter bank.
insize long integer array Contains the size information for 4

four input arrays.

outsize[0} the number of rows of
arraylow_low.

outsize[1} the number of columns
arraylow_low.

outsize[2} the number of rows of
arraylow_high.

outsize[3} the number of columns ¢
arraylow_high.

outsize[4} the number of rows of
arrayhigh_low.

outsize[5} the number of columns ¢
arrayhigh_low.

outsize[6} the number of rows of
arrayhigh_high.

outsize[7} the number of columns
arrayhigh_high.

of

=

D

=

D

of
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SynthesisH FilterBankPtr The structure holding the synthesis
itters filter bank coefficients.
XrOws long integer The row size of output array Call

the function Synthesis2DArraySize
to computexrows.

xcols long integer The column size of output array
Call the function
Synthesis2DArraySize to compute

xcols.
Output | X double-precision 2D | The output from the synthesis filter
array bank.
Return Value
status integer Refer to Appendix B for error codes.
Example
/* Example 6: How to call function SynthesisFilterBank2D */
#include “wfbd.h”
FilterBankPtr anaptr, synptr;
double *x,#I1,*Ih,*hl, *hh,*x0;
long err,rows,cols,nsize[8],x0rows,x0cols;

anaptr = AllocCoeffWFBD(); /* allocate filter bank structure */
if(lanaptr) return;
synptr = AllocCoeffWFBD();
if(!synptr) {
free(anaptr);
return;

}

err = ReadCoeffWFBD(“coef.dat”,anaptr,synptr); /* Read filter bank coefficients */
if(err) goto errend;

rows = 128;

cols = 256;

X = (double*)malloc(rows*cols*sizeof(double));

if(!x) goto errend;

/* compute the size of output arrays */
err = Analysis2DArraySize(rows,cols,anaptr->nl,anaptr->nh,nsize);
if(err) goto errend;

/* Allocate memory for the output arrays*/
Il = (double*)malloc(nsize[0]*nsize[1]*sizeof(double));
if(!) goto errend;
Ih = (double*)malloc(nsize[2]*nsize[3]*sizeof(double));
if(!Ih) {

free(ll);

goto errend;
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hl = (double*)malloc(nsize[4]*nsize[5]*sizeof(double));
if(thl) {

free(ll);

free(lh);

goto errend;

hh = (double*)malloc(nsize[6]*nsize[7]*sizeof(double));

if(thh) {
free(ll);
free(lh);
free(hl);
goto errend;
}
err = AnalysisFilterBank2D(x,rows,cols,anaptr,0,ll,Ih,hl,hh,nsize);
if(err){
free(ll);
free(lh);
free(hl);
free(hh);
goto errend;
}

/* Compute the size of 2D output from the synthesis filter bank */
Synthesis2DArraySize(nsize,synptr->nl,synptr->nh,&x0rows,&x0cols);

/* Allocate 2D output for the synthesis filter bank */
X0 = (double*)malloc(xOrows*x0cols*sizeof(double));

if(thh) {
free(ll);
free(lh);
free(hl);
free(hh);
goto errend;
}
err = SynthesisFilterBank2D(ll,Ih,hl,hh,nsize,synptr,x0,x0rows,x0cols);
free(ll);
free(lh);
free(hl);
free(hh);
free(x0);
errend:
free(x);
FreeCoeffWFBD(anaptr);
FreeCoeffWFBD(synptr);
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Windows Applications

The WFBD Toolkit provides a 32-bit dynamic link library (DLL),
wfbd32.dll , for all Windows platforms users. The DLL is located in
thewindll  subdirectory of your installation directory. Four import
libraries for different compilers also are provided:

e Microsoft Visual C/C++
e Borland C/C++

¢ Watcom C/C++

e« Symantec C/C++

You can find these four import libraries under windlIl\lib subdirectory
of your installation directory.

The functions in the DLL are the same as for LabWindows\CVI. Please
refer to the previous sectiaWFBD Instrument Drivefor the function
description.

Call these functions the same way in your code as you call any functions
in DLLs.
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This appendix lists the error codes returned by the LabVIEW Vls,
including the error number and a description. Each VI returns an error
code that indicates whether the function was performed successfully.

Table B-1.  LabVIEW VI Error Codes

Code Name Description
0 NoErr No error; the call was
successful.
—20001 | OutOfMemErr There is not enough memory lefi
to perform the specified routine,
—20002 | EgSamplesErr The input sequences must be the
same size.

11%

—20003 | SamplesGTZeroErr | The number of samples must b
greater than zero.

—20004 | SamplesGEZeroErr| The number of samples must b
greater than or equal to zero.

1%

—20005 | SamplesGEOneErr | The number of samples must b
greater than or equal to one.

1%

—20008 | ArraySizeErr The input arrays do not contain
the correct number of data
values for this VI.

—20009 | PowerOfTwoErr The size of the input array mus
be a power of two: size &2
0<m<23.

—20012 | CyclesErr The number of cycles must be

greater than zero and less than or
equal to the number of samples.
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Table B-1.  LabVIEW VI Error Codes
Code Name Description

—20020 | NyquistErr The cutoff frequencyfc, must
meet the condition 9fc < fs/2

—20021 | OrderGTZeroErr The order must be greater than
Zero.

—20031 | EgRplDesignErr The filter cannot be designed
with the specified input values.

—20033 | EvenSizeErr The number of coefficients must
be odd for this filter.

—20034 | OddSizeErr The number of coefficients must
be even for this filter.

—20038 | IntervalsErr The number of intervals must be
greater than zero.

—20039 | MatrixMulErr The number of columns in the
first matrix is not equal to the
number of rows in the second
matrix or vector.

—20040 | SquareMatrixErr The input matrix must be a
square matrix.

—20041 | SingularMatrixErr The system of equations canng
be solved because the input
matrix is singular.

—20062 | MaxlterErr The maximum iterations have
been exceeded.

—20065 | ZeroVectorErr The vector cannot be zero.
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For your convenience, this appendix contains forms to help you gather the information necessary
to help us solve your technical problems and a form you can use to comment on the product
documentation. When you contact us, we need the information on the Technical Support Form and
the configuration form, if your manual contains one, about your system configuration to answer
your questions as quickly as possible.

National Instruments has technical assistance through electronic, fax, and telephone systems to
quickly provide the information you need. Our electronic services include a bulletin board service,
an FTP site, a Fax-on-Demand system, and e-mail support. If you have a hardware or software
problem, first try the electronic support systems. If the information available on these systems
does not answer your questions, we offer fax and telephone support through our technical support
centers, which are staffed by applications engineers.

Electronic Services

Bulletin Board Support

National Instruments has BBS and FTP sites dedicated for 24-hour support with a collection of
files and documents to answer most common customer questions. From these sites, you can also
download the latest instrument drivers, updates, and example programs. For recorded instructions
on how to use the bulletin board and FTP services and for BBS automated information, call (512)
795-6990. You can access these services at:

United States: (512) 794-5422
Up to 14,400 baud, 8 data bits, 1 stop bit, no parity

United Kingdom: 01635 551422
Up to 9,600 baud, 8 data bits, 1 stop bit, no parity

France: 01 48 65 15 59
Up to 9,600 baud, 8 data bits, 1 stop bit, no parity

FTP Support

To access our FTP site, log on to our Internet Htgshatinst.com , asanonymous and use
your Internet address, suchjassmith@anywhere.com , as your password. The support files
and documents are located in thapport  directories.
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Fax-on-Demand Support

Fax-on-Demand is a 24-hour information retrieval system containing a library of documents on a
wide range of technical information. You can access Fax-on-Demand from a touch-tone telephone
at (512) 418-1111.

E-Mail Support (currently U.S. only)

You can submit technical support questions to the applications engineering team through e-mail
at the Internet address listed below. Remember to include your name, address, and phone number
so we can contact you with solutions and suggestions.

support@natinst.com

Telephone and Fax Support

National Instruments has branch offices all over the world. Use the list below to find the technical
support number for your country. If there is no National Instruments office in your country,

contact the source from which you purchased your software to obtain support.

&

%E‘i°<> Telephone

Fax

Australia 02 9874 4100 02 9874 4455
Austria 06624579900 0662 45 79 90 19
Belgium 02 757 00 20 02 757 03 11

Canada (Ontario)
Canada (Quebec)

905 785 0085
514 694 8521

905 785 0086
514 694 4399

Denmark 45 76 26 00 45 76 26 02
Finland 09 527 2321 09 502 2930
France 01 48 14 24 24 0148 14 24 14
Germany 089 741 31 30 089 714 60 35
Hong Kong 2645 3186 2686 8505
Israel 03 5734815 03 5734816
Italy 02 413091 02 41309215
Japan 035472 2970 03 5472 2977
Korea 02 596 7456 02 596 7455
Mexico 5520 2635 5520 3282
Netherlands 0348 433466 0348 430673
Norway 3284 84 00 32 84 86 00
Singapore 2265886 2265887
Spain 91 640 0085 91 640 0533
Sweden 08 73049 70 08 73043 70
Switzerland 056 200 51 51 056 200 51 55
Taiwan 02 377 1200 02 737 4644
U.K. 01635 523545 01635 523154



Technical Support Form

Photocopy this form and update it each time you make changes to your software or hardware, and
use the completed copy of this form as a reference for your current configuration. Completing this
form accurately before contacting National Instruments for technical support helps our
applications engineers answer your questions more efficiently.

If you are using any National Instruments hardware or software products related to this problem,
include the configuration forms from their user manuals. Include additional pages if necessary.

Name

Company

Address

Fax ( ) Phone ( )

Computer brand Model Processor

Operating system (include version number)

Clock speed MHz RAM MB Display adapter
Mouse ___yes __ no Other adapters installed
Hard disk capacity MB Brand

Instruments used

National Instruments hardware product model Revision

Configuration
National Instruments software product Version

Configuration

The problem is:

List any error messages:

The following steps reproduce the problem:




WFBD Toolkit Hardware and Software
Configuration Form

Record the settings and revisions of your hardware and software on the line to the right of each
item. Complete a new copy of this form each time you revise your software or hardware
configuration, and use this form as a reference for your current configuration. Completing this
form accurately before contacting National Instruments for technical support helps our
applications engineers answer your questions more efficiently.

National Instruments Products

DAQ hardware
Interrupt level of hardware

DMA channels of hardware

Base I/O address of hardware

Programming choice
LabVIEW or LabWindows/CVI version
Other boards in system

Base I/0O address of other boards

DMA channels of other boards

Interrupt level of other boards

Other Products

Computer make and model

Microprocessor

Clock frequency or speed

Type of video board installed

Operating system version

Operating system mode

Programming language

Programming language version

Other boards in system

Base I/O address of other boards

DMA channels of other boards

Interrupt level of other boards




Documentation Comment Form

National Instruments encourages you to comment on the documentation supplied with our
products. This information helps us provide quality products to meet your needs.

Title: Wavelet and Filter Bank Design Toolkit Reference Manual
Edition Date: January 1997
Part Number: 321380A-01

Please comment on the completeness, clarity, and organization of the manual.

If you find errors in the manual, please record the page numbers and describe the errors.

Thank you for your help.

Name

Title

Company

Address

Phone (__ ) Fax (___)

Mail to: Technical Publications Faxto: Technical Publications
National Instruments Corporation National Instruments Corporation
6504 Bridge Point Parkway (512) 794-5678

Austin, TX 78730-5039



Numbers/Symbols

1D
2D

Hz

A

alias term

alternating flip

analysis filter bank

basis function

biorthogonal filter bank

Butterworth filter

C

constant Q analysis

© National Instruments Corporation

One-dimensional
Two-dimensional

Hertz

An image term in the frequency domain.

For a periodic sequengja] with a periodN, the sequence
(=1)"g[N —n] is considered as alternating flip gfin].

A filter bank that converts a signal from time domain into wavelet
domain.

An elementary function that can be used to build arbitrary signals.

A filter bank in which analysis and synthesis filter banks are
orthogonal to each other.

A special kind of filter in which the low-frequency asymptope is
a constant.

Analysis where the ratio between the center frequency and
frequency bandwidth is constant.
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Glossary

D

DAQ

Daubechies wavelet
and filter bank

decimation filter
denoise

distortion term

E

equiripple filter

F

filter bank

finite impulse response filter

FIR filter

H

halfband filter

image compression

inner product

Wavelet and Filter Bank Design Toolkit

Data acquisition.

Wavelet and filter bank that has a maximum number of zeros at
The wavelet and filter bank was initially developed by Ingrid
Daubechies.

The output of the filter does not preserve all points.
Remove the noise from the original signal.

A term that causes distortion in a filter output.

A filter with equiripples in the passband and stopband.

A group of filters.

A filter without feedback and containing only zeros in the
z-domain.

SeeFinite Impulse Response filter.

A filter with a cut-off frequency at a half of the frequency band.

Using only part of the data to recover the original image.

A mathematical operation used to test the difference between two

functions.
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maximum flat filter
mother wavelet

multiscale analysis

0

orthogonal filter bank

S

signal discontinuity

synthesis filter bank

T

type | filter

W

wavelet

wavelet-based detrend

© National Instruments Corporation

Glossary

A type I filter that has a maximum number of zeras at
An elementary wavelet.

Analyzing a signal in several different scales.

A filter bank where both the analysis and synthesis filter banks are
orthogonal to themselves. It is a special case of biorthogonal filter
banks.

The point where the first derivative does not exist.

A filter bank that transfers a signal from the wavelet domain into
the time domain.

The filter coefficients are symmetric among the middle point.

A transform using wavelet as the elementary functions.

A method of detrend, which is achieved by wavelet transform.
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1D_Test paneSeeOne-Dimensional (1D) Data
Test panel.
2-Channel Analysis Filter Bank VI, 5-1 to 5-4

2-Channel Synthesis Filter Bank VI, 5-4 to 5-5

2D Analysis Filter Bank VI, 5-5 to 5-6

2D Synthesis Filter Bank VI, 5-6

2D_Test paneBeelwo-Dimensional (2D) Data
Test panel.

A

alias term, 3-5
AllocCoeffWFBD function, 5-14
analysis filter functions/Vls
2-Channel Analysis Filter Bank VI,
5-1to 5-4
2D Analysis Filter Bank VI, 5-5 to 5-6
Analysis2DArraySize function,
5-15 to 5-16
AnalysisFilterbank function, 5-17 to 5-18
AnalysisFilterbank2D function,
5-18 to 5-21
analysis filters
designations in WFBD Toolkit (note), 4-7
interchangeability of G and HE)
(note), 3-2
approximations of wavelet transform, 3-3

bibliographic references, A-1
biorthogonal filter banks
two-channel perfect reconstruction filter
banks, 3-4 to 3-10
wavelet and filter bank design, 4-3, 4-7

© National Instruments Corporation -1

2

design procedure (figure), 4-2
filter comparison (table), 4-4
B-spline filter banks
choices for G(2) and H(2), 4-9
dual, 3-9
two-channel perfect reconstruction filter
banks, 3-8 to 3-9
bulletin board support, C-1
Butterworth filter (note), 3-7

C

coefficients
filter bank coefficient functions
AllocCoeffWFBD function, 5-14
FreeCoeffWFBD function, 5-24
ReadCoeffWFBD function, 5-27
Fourier coefficient, 2-2
wavelet coefficients
definition, 2-6
relationship with filter banks
(figure), 3-4
complex sinusoidal functions, 2-2 to 2-3
harmonically related, 2-2
customer communicatiorj, C-1 to C-2

D

DAQ Setup panel, 4-13
Daubechies filter banks and wavelets, third

order, 3-12
Decimation Filter VI, 5-7 to 5-10
DecimationFilter function, 5-22 to 5-24
denoising application, 2-13, 4-20
Design Panel, 4-6 to 4-10

accessing, 4-6
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Index

choices for G(2) and H(2), 4-9
illustration, 4-6
steps for designing wavelets and filter
banks, 4-7 to 4-8
utilities, 4-10
designing wavelet and filter bank&ee
wavelet and filter bank design.
detrend application, 2-12
digital filter banks, 3-1 to 3-14
two-channel perfect reconstruction,
3-1to0 3-12
biorthogonal, 3-4 to 3-10
finite impulse response (FIR) filter
(note), 3-2
G(2) and Hg) filter banks, 3-2
orthogonal, 3-10 to 3-12
relationship to wavelet transform,
3-3to 3-4
typical two-channel system
(figure), 3-1
two-dimensional signal processing,
3-13t0 3-14
discontinuity detection, 2-9 to 2-10
diskettes, for Wavelet and Filter Bank Design
Toolkit, 1-1
distortion term, 3-5
documentation
conventions used in manuakxi
organization of manuak-x
related documentatiomi
dual B-spline filter banks, 3-9

E

electronic support services, C-1to C-2
e-mail support, C-2
entropy-based criterion, 4-19
equiripple halfband filter
biorthogonal filter banks, 3-6 to 4-7
non-negative (figure), 4-3
P,(2) filter design, 3-6
wavelet and filter bank design, 4-7 to 4-8
error codes, B-1 to B-2
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Extension Type
1D_Test panel, 4-11 to 4-12
Symmetric Extension, 4-11 to 4-12
Zero Padding, 4-11
2D_Test panel, 4-16
Symmetric Extension, 4-16
Zero Padding, 4-16

F

Fax-on-Demand support, C-2
filter bank coefficient functions
AllocCoeffWFBD function, 5-14
FreeCoeffWFBD function, 5-24
ReadCoeffWFBD function, 5-27
filter banks.Seedigital filter banks.
finite impulse response (FIR) filters
behavior of filters in WFBD Toolkit, 4-3
definition of ztransform (note), 3-2
FIR filters. Seefinite impulse response (FIR)
filters.
flat filter, maximum.Seemaximum flat filter.
Fourier coefficient, 2-2
Fourier expansion, 2-3
Fourier transform
conventional, 2-1 to 2-3
short-time
definition, 2-1
sampling grid (figure), 2-7
wavelet analysis vs., 2-7 to 2-9
windowed, 2-1
FreeCoeffWFBD function, 5-24
frequency, calculating, 2-3 to 2-4
FTP support, C-1
functions
LabVIEW VI applications
2-Channel Analysis Filter Bank VI,
5-1to 5-4
2-Channel Synthesis Filter Bank VI,
5-4to 5-5
2D Analysis Filter Bank VI,
5-5t0 5-6
2D Synthesis Filter Bank VI, 5-6
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Decimation Filter VI, 5-7 to 5-10

Interpolation Filter VI, 5-10 to 5-12

Mother Wavelet and Scaling function
VI, 5-12

LabWindows/CVI applications

AllocCoeffWFBD, 5-14
Analysis2DArraySize, 5-15 to 5-16
AnalysisFilterbank, 5-17 to 5-18
AnalysisFilterbank2D, 5-18 to 5-21
calling WFBD functions, 5-13
DecimationFilter, 5-22 to 5-24
FreeCoeffWFBD, 5-24
InterpolationFilter, 5-24 to 5-26
ReadCoeffWFBD, 5-27
Synthesis2DArraySize, 5-27 to 5-29
SynthesisFilterBank, 5-29 to 5-30
SynthesisFilterBank2D, 5-31 to 5-33
WFBD instrument driver,

5-13to 5-14

Windows applications, 5-34

G

G(2) filter banks, 3-1 to 3-2

H

Haar, Alfred, 2-1

halfband filter.Seeequiripple halfband filter.

harmonically related complex sinusoidal

functions, 2-2

highpass filters
approximations of wavelet transform, 3-3
G,(2) and H(2) as, 3-2

HP-UX installation, 1-2

H(2) filter banks, 3-2

images

image compression, 3-13to 3-14
subimage arrangement (figure),
4-14 to 4-15
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Index

installation, 1-1 to 1-2
Macintosh and Power Macintosh, 1-2
Sun and HP-UX, 1-2
Windows, 1-2
Interpolation Filter VI, 5-10 to 5-12
InterpolationFilter function, 5-24 to 5-26

L

LabVIEW VIs
2-Channel Analysis Filter Bank VI,
5-1t0 5-4
2-Channel Synthesis Filter Bank VI,
5-41t0 5-5
2D Analysis Filter Bank VI, 5-5 to 5-6
2D Synthesis Filter Bank VI, 5-6
Decimation Filter VI, 5-7 to 5-10
Interpolation Filter VI, 5-10 to 5-12
Mother Wavelet and Scaling function
VI, 5-12
LabWindows/CVI functions
AllocCoeffWFBD, 5-14
Analysis2DArraySize, 5-15 to 5-16
AnalysisFilterbank, 5-17 to 5-18
AnalysisFilterbank2D, 5-18 to 5-21
calling WFBD functions, 5-13
DecimationFilter, 5-22 to 5-24
FreeCoeffWFBD, 5-24
InterpolationFilter, 5-24 to 5-26
ReadCoeffWFBD, 5-27
Synthesis2DArraySize, 5-27 to 5-29
SynthesisFilterBank, 5-29 to 5-30
SynthesisFilterBank2D, 5-31 to 5-33
WEFBD instrument driver, 5-13 to 5-14
linear phase filter
choices for G(2) and Hy(2), 4-9
filter comparison (table), 4-4
zeros distribution (figure), 4-5
Load Design utility, 4-10
lowpass filters
Gy(2) and H(2) as, 3-2
impulse response, 3-3
lvsrc folder, 1-1
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Macintosh installation, 1-2
manual.Seedocumentation.
maximum flat filter
biorthogonal filter banks, 3-6 to 3-7
wavelet and filter bank design, 4-3, 4-7
minimum phase filter
choices for (2 and H(2), 4-9
filter comparison (table), 4-4
zeros distribution (figure), 4-5
mother wavelet, 2-6
Mother Wavelet and Scaling function VI, 5-12
multiscale analysis, 2-11

noise, removingSeedenoising application.

0

One-Dimensional (1D) Data Test panel,
4-11to 4-14
Data, 4-12 to 4-14
Acquire Data, 4-12
DAQ Setup, 4-12 to 4-13
path, 4-14
Read from file, 4-12
Display, 4-12
Extension Type, 4-11to 4-12
Symmetric Extension, 4-11 to 4-12
Zero Padding, 4-11
illustration, 4-11
on-line testing panel, 4-20
orthogonal filter banks
two-channel perfect reconstruction filter
banks, 3-10to 3-12
wavelet and filter bank design, 4-3, 4-7
design procedure (figure), 4-2
filter comparison (table), 4-4
zeros distribution (figure), 4-5
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P

performance issues, 2-13 to 2-14
Power Macintosh installation, 1-2

Q

qualified wavelets, 2-13

R

ReadCoeffWFBD function, 5-27
references, A-1

S

Save Design utility, 4-10
Save Filter Coefficients utility, 4-10
short-time Fourier transform
definition, 2-1
sampling grid (figure), 2-7
Show Filter Coefficients utility, 4-10
sine waveforms, truncated, 2-2
sinusoidal functions, complex, harmonically
related, 2-2
subimage arrangement (figure), 4-14 to 4-15
Sun installation, 1-2
synthesis filter functions/VlIs
2-Channel Synthesis Filter Bank VI,
5-4to 5-5
2D Synthesis Filter Bank VI, 5-6
Synthesis2DArraySize function,
5-27 to 5-29
SynthesisFilterBank function,
5-29t0 5-30
SynthesisFilterBank2D function,
5-31to 5-33
synthesis filters
designations in WFBD Toolkit (note), 4-7
interchangeability of Gif and Hg)
(note), 4-2

© MNational Instruments Corporation



T

technical support, C-1to C-2
telephone and fax support, C-2
third order Daubechies filter banks and
wavelets, 3-12
trend, removing, 2-12
truncated sine waveforms, 2-2
two-channel perfect reconstruction filter
banks, 3-1to 3-12
biorthogonal, 3-4 to 3-10
finite impulse response (FIR) filter
(note), 3-2
G(2 and Hg) filter banks, 3-2
orthogonal, 3-10 to 3-12
relationship to wavelet transform,
3-3t0 3-4
typical two-channel system (figure), 3-1
Two-Dimensional (2D) Data Test panel,
4-14 10 4-16
Data, 4-16
Data Usage, 4-15
extension, 4-16
symmetric extension, 4-16
Zero Padding, 4-16
illustration, 4-15
Remaining Data (%), 4-15
subimage arrangement (figure),
4-14 to 4-15
two-dimensional signal processing,
3-13t0 3-14

v

valid wavelets, 2-13
VlIs. SeeLabVIEW Vis.

W

wavelet analysis, 2-1 to 2-14

applications, 2-9 to 2-13
denoise, 2-12
detrend, 2-12
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Index

discontinuity detection, 2-9 to 2-10
multiscale analysis, 2-11
Fourier analysis vs., 2-7 to 2-9
history, 2-1to 2-7
innovative analysis, 2-3 to 2-7
performance issues, 2-13to 2-14
wavelet and filter bank design, 4-1 to 4-5
choices available in WFBD Toolkit
(figure), 4-2
filter comparison (table), 4-4
non-negative equiripple halfband filter
(figure), 4-24-3
steps, 4-1
zeros distribution
linear phase filter (figure), 4-5
minimum phase filter (figure), 4-5
orthogonal filter (figure), 4-5
Wavelet and Filter Bank Design Toolkit
applications, 1-3
creating applications, 4-18 to 4-20
denoising, 4-20
on-line testing panel, 4-20
wavelet packet analysis, 4-18 to 4-19
Design Panel, 4-6 to 4-10
accessing, 4-6
choices for (2 and H(2), 4-9
illustration, 4-6
steps for designing wavelets and
filter banks, 4-7 to 4-8
utilities, 4-10
installation procedure, 1-1 to 1-2
1D_Test panel, 4-11 to 4-14
Data, 4-12 to 4-14
Display, 4-12
Extension Type, 4-11 to 4-12
illustration, 4-11
package contents, 1-1
2D_Test panel, 4-14 to 4-16
Data, 4-16
Data Usage, 4-15
extension, 4-16
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illustration, 4-15
Remaining Data (%), 4-15
wavelet and filter bank design, 4-1 to 4-5
Wavelets and Filters panel, 4-16 to 4-17
illustration, 4-17
Refinement, 4-17
Save Scaling and Wavelets, 4-17
wavelet coefficients
definition, 2-6
relationship with filter banks (figure), 3-4
wavelet packet analysis application,
4-18to0 4-19
wavelet transform
approximations, 3-3
compared with Fourier transform,
2-81t0 2-9
definition, 2-6
relationship to two-channel perfect
reconstruction filter banks, 3-3 to 3-4
sampling grid (figure), 2-8
wavelets
definition, 2-4
mother wavelet, 2-6
qualified, 2-13
valid, 2-13
Wavelets and Filters panel, 4-16 to 4-17
Refinement, 4-17
Save Scaling and Wavelets, 4-17
WFBD instrument driver, 5-13 to 5-14
WFBD Toolkit. SeeWavelet and Filter Bank
Design Toolkit.
WFBD32.DLL, 1-1
WFBD32.FP instrument driver, 1-1
WFBD.EXE, 1-1
windowed Fourier transform, 2-1
Windows 3.x, Windows NT, and Windows 95
dynamic link libraries, 5-34
installation, 1-2
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Z

zeros distribution
linear phase filter (figure), 4-5
minimum phase filter (figure), 4-5
orthogonal filter (figure), 4-5
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